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ABSTRACT 


A BaH band system in the region 6925A to 6380A has been photographed with 
a 21-foot grating (dispersion = 2.04A per mm), using a metallic barium arc in a hydro- 
gen atmosphere at reduced pressure as a source. The spectrum consists of the (0, 0), 
(1, 1) and (2, 2) bands only, and the analysis of the (0, 0) band shows the system to 
be the expected *II—*= case a type with twelve branches in each band. Assignments 
of the frequencies to these branches are presented, together with the principal com- 
bination differences. The A-type doubling is large in the *II,/2 state, but small and of 
opposite sign in the #1; 1/2 state, giving po= +0.85 and go= +0.0067. The spin doub- 
ling in the 2 state is regular, with yo = +0.186. Other constants are Bo’’ =3.404, Do"’ 
= —9.61 10-5, ro’’ =2.22 10-8cm, Bo, -17/2" = 3.4468, Do,-112' = —1.13x 16-4, Bo, 41/2" 
= 3.5156, and Do, 41/2’ = —1.20 X 10~. The separation of the two *II sublevels yields A 
=462. The smallness of this value (A =832 for lowest *P levels of Ba) indicates that 
this state is possibly formed from a combination of the lowest *P and *D states of the 
Ba atom. A large perturbation in one of the *II; 1/24 levels, and the sign and magni- 
tude of the po and go, indicate another lower-lying excited level. 


INTRODUCTION 


HE band spectra which have so far been reported and analysed for 

diatomic hydrides of all the elements in the second column of the periodic 
table with the exception of Sr, Ba, and of course Ra involve transitions from 
excited *II and * states to a normal ?2* state ' Among the *II-—*= bands are 
examples of all types of coupling in the *II states from almost strictly case Db 
for BeH (A =1.97, B=10.3), with thus only three branches in each band ex- 
cept for a barely resolvable doublirg in each branch at the origin, to complete 
case a for HgH (A = 3683, B=6.58) with a resulting twelve-branch structure 
for the bands. For the occurrence of twelve strong branches it is necessary 
for the doubling of the levels in the ?2 state to be appreciable in order that the 
satellite ?Qi2, @Rie, °P2, and *®Qe branch lines be separated from the main- 
branch lines. The known ?2, ?2 bands for these molecules also display many 
variations attributable to resonance and perturbing effects on the upper 
states by other near-lying electronic levels. 


1 The references for the data for these bands, together with discussion of their characteris- 
tics, are given by R. S. Mulliken, Phys. Rev. 32, 388 (1928); 33, 507 (1929), and R.S. Mulli- 
ken and A. Christy, Phys. Rev. 38, 87 (1931). 
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It was to be expected then that any *II—?> band systems from the mole- 
cules SrH and BaH should contain twelve branches in each band and with 
fairly large spacing between the *I],,2 and “II, :;2 origins, since the constant A 
for the coupling between A and S could be expected to be almost as large as 
that for the *P states of Sr and Ba respectively. Furthermore, judging from 
the position of the corresponding bands for the other like molecules, it could 
be predicted that these bands should be found in the red region of the spec- 
trum, near the lowest *P —*S atomic lines. And since the electronic configura- 
tions of Ca, Sr, and Ba in the lowest levels are so similar, it was thought that 
a *, * transition should lie very near to the *II-—*L for SrH and BaH as in 
the case of CaH, but possibly exhibiting still larger doublings due to the /- 
uncoupling phenomenon. Precisely this situation has been found to exist in 
the spectrum of SrH which is described in detail in the following paper. The 
present paper discusses the spectrum of BaH, which consists principally only 
of the *II—*2 system, but with strong indications of another band system too 
far into the red to be photographed. 


EXPERIMENTAL PROCEDURE 


As a source a 110-volt d.c. arc carrying 3 amperes between an anode made 
of a small piece of metallic barium and a thin flat piece of copper as the 
cathode was used. This arc was operated in the modified Back chamber 
mounted between the poles of a large Weiss electromagnet which happened 
to be in position in front of the slit of the spectrograph. The barium electrodes 
were about 6X6 X4 mm in size carried at the end of a short length of tung- 
sten wire. Hydrogen at about 5 cm pressure was pumped slowly through the 
arc chamber during the exposure. It was found that the molecular spectrum 
was emitted much more strongly from a continuous arc than from the inter- 
mittent form of arc employed in the Zeeman effect work. The consumption 
of four of these small pieces of Ba in the arc sufficed to give intense spectro- 
grams of the BaH bands at the red end in the dicyanine region. 

The spectrograms were obtained in the second order of a 21-foot concave 
grating in a stigmatic mounting, the dispersion being about 2.04A per mm. 
A very strong band system, which the analysis given below shows to be a 
"II? transition for BaH, in the near red between 6380A and 6925A is 
emitted by this source. Eastman panchromatic plates dyed with dicyanine to 
give greater sensitivity at the long wave-length end were used. Fig. 1 is a 
reproduction of this band system. In addition to these bands, this arc emits a 
molecular spectrum in the green and yellow regions of the visible spectrum 
consisting of a considerable density of lines with but little evidence of regular- 
ity. This sytem is perhaps analogous to a ?2, ?= band system for CaH recently 
partly analysed by Grundstrém,? and will be investigated later. There is also 
strong evidence for the existence of another band system still farther into the 
near infrared, but a spectrogram in the first order taken with a neocyanine- 
dyed plate fails to reveal it. 


2 B. Grundstrom, Zeits. f. Physik 33, 235 (1931). 
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Fig. 1. Reproduction of the *IIl, = BaH band lying between 6380A and 6925A. Note the 
considerable spacing between the heads of the satellite and main branches, and their equal in- 
tensity. 
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DETAILS OF THE “II? BAND 

The (0,0), (1,1), and (2,2) bands are present in this sytem, and analysis 
of the (0,0) bands reveals twelve branches in a band. In Fig. 1 the double- 
headed appearance of the band due to the turning of the P; and "Qi. branches 
can be seen. Since it is known that the separation of these branches is due to 
the doubling of the levels of the °X state and that the separation of the lines 
having the same K values should be proportional to K +3, it was at once pos- 
sible to assign J values to the lines of these series. A similar procedure was 
employed in determining the Q; and @Riy», &P2, and Qs, and “Qs, and R2 
branches. The other series were found by applying various internal combina- 
tions which can be determined from an energy level diagram for a *1 
transition.*:* All series are regular with the exception of a perturbation in the 


” 
— 


. 
— 


TABLE I, Assignment of lines for the (0, 0) band of *11—?% system of BaH (cm™ units; } indicates 














a broad line due to the fusion of two or more lines; 1 an atomic line). 


y2—d 

J" +3 Pi. P, PO. QO, YR,» R, 
1 14625.82 14633.17 14037 .76 14642.83 
2 14625.43 22.36 37.24 41.98 52.30 
3 21.90 19.21 41.29 46.35 62.39 
4 18.50 16.20 45.74 31.01 72.76 
5 14586.35 15.32 13.42 50.25 55.81 83.33 
6 77.83 12.47 10.79 54.98 60.78 694.06 
7 69.69 09.68 08 .60 59.89 66.54 705 .09 
8 61.30 07.04 06.34 65.10 72.09 16.20 
9 53.40 04.46 04.46 70.41 77.80 27.52 
10 45.77 02.70 02.70 76.01 83.67 38.89 
11 38.35 14600.77 01.32 81.63 89.76 50.65 
12 31.12 14599 .16 14600.13 87.46 14695 .95 62.45 
13 24.22 97.80 14599 23 93.58 14702.41 74.40 
14 17.49 96.63 98.35 14699 .79 08.78 86.44 
15 11.09 95.63 97.88 14706. 24 15.76 14798 .88 
16 14504.83 94.92 97.58 12.77 22.57 14811.31 
17 14498 .86 04.50 97.20 19.58 29.57 23.94 
18 93.16 94.00 97.52 26.43 37.11 36.74 
19 87.73 94.21 98 .04 33.59 44.59 49.70 
20 82.58 94.42 98.70 40.89 52.23 62.83 
21 77.77 94.92 99 61 48.37 59 .99b 76.09 
22 73.15 95.63 00.86 55.97 67.96b 14889 .39 
23 68.79 96.63 (2.19 63.74 76.02 14902 .87 
24 64.74 97.80 03.80 71.72 84.41 16.42 
25 60.97 1459916 05.64 79.86 14792 .69 30.29 
26 57.46 14600 . 86 07.55 87.98 14801 .57 44.50 
27 54.09 02.70 09 .68 14796 .67 10.48 58.23 
28 51.42 04.46 12.47 14805 .29 19.30 72.12 
29 48.81 07.09 15.30 14.15 28.68 14986. 49 
30 46.51 09.68 18.44 23.07 37.62 15000 .67 
31 44.42 13.42 32.13 46.85b 
32 42.71 16.20 41.25 55.85 
33 41.26 19.21 50.49 
34 39.93 








’ The energy diagram for HgH given by R. S. Mulliken (Reviews of Modern Physics 3, 
130 (1931)) could well represent the facts for BaH by choosing a suitable scale. 
* One of the internal combinations used is: 


Oi(J) — “Pris (J +t 1) = Ri(J) _ POW a 1) = SRu(J) ~ 0.(J - 1) 


This one combination involves eight of the twelve branches. 


= ®0.,(J) — PJ +1) = Fh"(J +1) — Fir’). 
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TABLE I. (Continued). 
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J" +4 P, @P., Q2 FO. R2 SR 
1 15092 .20 15098 .69 
2 15078 .32 15091 .50 96.19 15109 .90 
3 15077 .72 75.94 95.51 15100 .65 20.44 
4 15048 .96 75.94 73.94 99.95 05 .47b 31.74 
5 40.59 73.38 72.26 15104.75 10 .94b 43.41 
6 32.29 71.38 70.92 09.90 16.39 55.64 
7 24.26 69.76 70 .35b 15.51b 22.54 67 .98 
8 16.63 68 .62 69.39 21.19 28.77 80.69 
9 09.53 67.85 68 .99 27.14 35.51 15193 .76 
10 15002 .53 67 .39 69.12 33.50 42.38 15207 .11 
11 14996 .06 67.01 69.45 40 .42 S2.87 20.67 
12 89.80 67.38 70.16 50 .43b 58 .00b 34.55 
13 86.79 67.85 71.29 55.41 65 .53 48.77 
14 79.21 68.73 72.82 61.97 73.71 63.29 
15 74.22 70.00 74.59 71.03 82.22 78.03 
16 69.59 71.38 76.67 79 .36 15191.17 15293 .01 
17 65 .46 73.94 79.15 87.95 15200 .26 15308 .23 
18 61.63 75.84 81.90 15196 .94 09.53 23.68 
19 58.23 78.50 84.98 15206.17 19.34 39.42 
20 55.26 81.40 88.42 15.79 29.37 55.43b 
21 52.37 84.68 92.20 25.55 39 .63 71.49 
22 50.15 88.42 15096.19 35.54 50.11 15388 .00A 
23 48 .32 92.20 15100 .65 45.94 60.88 15404 .46 
24 46.89 15096 .19 05.43 56.59 71.91 20.90A 
25 45.75 15100.65 10.39 67.41 83.21 38.13 
26 44.95 05 .45b 15.51 78.68 15294.71 55.19 
27 44.47 10 .94b 21.19 15289 .82 15306 .48 72.40 
28 44.47 16.29 27.14 15301.41 18.27 15489 .72 
29 44.95 22.07 33.34 13.27 30.65 15507 .30 
30 45.75 27.52 39.86 25.09 43.01 25.10 
31 46.89 46.68 37 .56 55.43 42.92 
32 48.32 53.64 49.97 68.51 61.02 
33 50.15 61.03 62.65 81.34 
34 $2.37 68 .56 75.55 15394 .75 
35 55.26 76.31 15388 .77 15408 .04 
36 84.53 15401 .84 21.62 
37 93.15 15.22 35.23 
38 28.82 49 37 
39 56.31 63.08 
40 70.31 77.19 
41 84.29 91.38 











P., Re, and ®Qj. branches due to a perturbation of the *I]; ;/2¢ levels around 
J’'=114. The frequencies of the lines of the twelve branches of the (0,C) 
band are listed in Table I. 

In addition to forming a test of the correctness of the assignments of the 
band lines to the several branches, the combination differences also serve in 
the calculation of the molecular constants. The following combinations in- 
volving the terms of the lower state may be verified with the aid of the energy 
level diagram: 


RiJ — 1) — PiJ + 1) 


SRoa(J —_ 1) —_ ®Px(J + 1) 
Fix’ +1) — Fi" — 1) = AF") 


and 


RJ — 1) — PJ + 1) = PR — 1) — OPT + 1) (1) 


= Fy’ + 1) — Fe" — 1) = AoF 2’). 
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These combinations for this BaH band are listed in Table II. The A,F,’’ 
(J) values are slightly larger than the A:F,’’(J) due to the spin doubling 
in the ?2 state. The last column of the table gives the average of the four 
combination values, and is the one from which the constants are calculated 
(cf. next section). 

TABLE II. Lower state combinations. The 1st set of data gives the A2F,'’(J) values obtained 
from Eq. (1); the second set, the A2F2'’(J). The J values have been omitted in headings; 
R,—P,=Ri(J—1)—Pi(J +1), etc. The A2F’’(K) values in the last column are the average of 
AoF "(J =K-+4) and AoF,''(J =K —}), used in Eq. (3). 














AsF,""(J) A2F2"(J) , vt EP 








J"44 Ri—P\SRy—-@Ps Av. |J"+ Ri—P2 @Ry—OPy: Av. K A2F"(K) 
2 20.93 20.97 20.95 1 20.95 
3 33.80 33.96 33.88 2 33.88 
4 47 .07 47 .06 47 .06 4 60 .06 60.00 60.03 3 47 .06 
5 60.29 60.36 60.33 5 73.18 73.18 73.18 4 60.18 
6 73.65 73.65 73.65 6 86.68 86.12 86.40 5 73.42 
7 87.02 87 .00 87.01 7 99.76 99.48 99 .62 6 86.70 
8 100.63 100.63 100.63 8 113.01 113.14 113.07 7 100.12 
9 113.50 113.30 113.40 9 126.24 126.32 126.28 8 113.23 

10 126.75 126.75 126.75 | 10 139.45 139.45 139.45 9 126.51 
11 139.73 139.73 139.73 11 152.58 152.55 152.57 10 139.59 
12 152.85 152.85 152.85 12 165.38 165.53 165.45 11 152.71 
13 165.82 165.82 165.82 13 178.03 178.46 178.25 12 165.63 
14. 178.77. 178.77 178.77 | 14 191.31 191.32 191.31 | 13 178.51 
15 191.52 191.91 191.71 15 204.12 203 .95 204 .03 14 191.51 
16 204.38 204 .09 204 . 23 16 216.76 216.90 216.83 15 204.13 
17 217.31 ata ae 217.24 17 229.54 229.41 229.48 16 217.03 
18 229 44 229.73 229.58 18 242.03 241.84 241.93 17 229.53 


19 242.57 242.28 242.42 19 254.27 254.53 254.40 18 242.17 


20 254.86 254.74 254.80 20 266.97 266.82 266.90 19 254.60 
21 267.20 267.01 267.11 21 279.22 279.08 279.15 20 267 .00 
22 279.46 279.29 279.37 22 «291.31 291.20 291.25 21 279.26 
23 291.59 291.81 291.70 23 «= 303.22 §=6303.22 303.22 22 291.47 
24 303.71 303.81 303.76 24 «315.13 =315.05 315.09 23 303 .49 


25 315.56 315.45 315.50 25 326.95 326.96 326.95 24 315.29 
26 327.59 327.19 327. 338.74 338.60 338.67 25 327.07 
27 340.04 338.90 338.90 350.14 350.15 350.15 26 338.79 
28 351.14 350.33 350.74 361.53 361.53 361.53 27 350.44 
29 362.44 362.33 362.38 29 342.52 372.71 372.61 28 361.95 
30 373.07 372.85 372.96 30 383.76 383.76 383.76 29 372.78 
31 394.69 394.91 394.80 
32. 405.28 405.59 405.44 
33 416.14 415.92 416.03 


— 

oO 
hrm ho bh 
COIN 














The combinations involving the upper state are the following: 
RiJ) — PiJ) = Fid’(J + 1) — Fia’(J — 1) = AF ia’(J) 
®Ri(J) om OP (J) = F,./(J a 1) -_ F,./(J = 1) = As *1/(J) 
R2(J) = PJ) = Foa'(J + 1) = Fo’ (J —_ 1) = AoF 2a'(J) 
SRoi(J) — @Poi(J) = Fo’(J + 1) — F2.’(J — 1) = Ask 2.’(J). 

These upper state combinations are tabulated in Table III. Large differ- 
ences exist between the A: Fiq’(J) and A:F;.’(J) values due to the large A-type 
doubling in the II,;2 state, while but small differences are noted between 
As Foa'(J) and A:F;.’(J), corresponding to a small A-type doubling in the 
II, 1/2 state. However, for purposes of calculation of constants the average of 
each group (designated A,F,.’) is taken. 


(2) 
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TABLE III. Upper state combinations. The A2F’ headings are defined by Equations (2). 
A2Fiae'(J) is the average of A2Fi-(J) and A2Fia(J). Likewise, A2Feac'(J) is average of A2F24’(J) 
and A:F;.’(J). The values marked p involve perturbed levels, and are therefore not included 
in the averages. 














J'+4  AeFia’(J)  AaFic(J) — AaFrae’(J) | J’ +4 AaFea’(J) = AaFae'(J) A Feae’(J) 
2 26.87 
3 40.49 3 42.72 
4 54.26 4 56.51 55.80 56.16 
5 68.01 69 .46 68.73 5 70.35 70 .03 70.19 
6 81.59 82.95 82.27 6 84.10 84.26 84.18 
7 95.41 96.85 96.13 7 98 .28 98.22 98.25 
8 109.16 110.79 109 .98 8 112.14 112.07 112.10 
9 123 .06 124.40 123.73 9 125.94 125.91 125.95 
10 136.19 137.90 137.05 10 139.85 139.72 139.78 
11 149.88 151.41 150.65 il 156.14p 153 .66 153 .66 
12 163.29 164.83 164.06 12 168.20p 167.17 167.17 
13 176.60 178.19 177 .39 13 178 .84p 180.92 180.92 
14 189.81 191.29 190.55 14 194.50 194.56 194.53 
15 203 .25 204 .67 203 .96 15 208 .00 208 .03 208 .01 
16 216.39 217.74 217.07 16 221.58 221.63 221.61 
17 229.44 230.71 230.13 17 234.80 234.29 234.54 
18 242.74 243 .95 243 .45 18 247 .90 247 .84 247 .87 
19 255.49 256.86 256.17 19 261.11 260 .92 261.01 
20 268 .41 269.65 269 .03 20 274.11 274.03 274.07 
21 281.17 282.22 281.70 21 287 .26 286.81 286.54 
22 293 .76 294.81 294 .28 22 299 .99 299.58 299.78 
23 306.24 307 .23 306.74 23 312.56 312.26 312.41 
24 318.62 319.67 319.15 24 325 .02 324.71 324.87 
25 331.13 331.72 331.43 25 337 .56 337 .48 337 .52 
26 343 .64 344.11 343 .87 26 349.76 349.74 349.75 
27 355 .53 356.39 355 .96 27 362 .00 361.46 361.74 
28 367 .66 367 .88 367.77 28 373.80 373.43 373.61 
29 379 .40 379 .87 379 .63 29 385 .90 385 .23 385 .57 
30 390 .99 391.11 391.05 30 397 .27 397 .58 397 .42 
31 402.43 31 408 .54 408 .54 
32 420.19 420.19 
33 431.19 431.19 
34 442 .38 442 .38 
35 452.78 452.78 








EVALUATION OF ConsTANTs B, D, AND A 

The energy equation$ for the terms of the normal ?2 state, which is typical 
case J, is 
T(J) = To + T? + BY’ [K(K + 1) + G] 

+ y"[JJ + 1) — K(K + 1) — S(S + 1)] + D’K*(K + 1)? 
with S=}. 

Representing by 7,(K) the states with J=K-+S and by 72(K) the states 
with J=K-—S, it is easily seen that T(K) =}{ 7:(K)+7>2(K) } is given by the 
equation 

T’(K) = Tot + T° + B’[K(K + 1) — G*] + D’K*%(K + 1)? + Sy 
from which one obtains 
AsF""(K) = B'(4K + 2) + D"(8K + 12K? + 12K + 4). (3) 

The application of this equation to the experimental values given in the 
last column of Table II yields the B’’ and D”’ given in Table IV. 

5 R. S. Mulliken, Rev. Mod. Phys. 2, 106-107 (1930). 
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TABLE LV. Constants resulting from the analysis of the 1? (0, 0) band of BaH (cm™ units). 


By’ =3.404 D,"” = —9.61 X10 
Bo,-1/2' =3 .4468 Do,-172’ = —1.13 X10 
Bo. 412’ =3.5156 Do, 41/2’ = —1.20X 10-4 


2¥ state: yo= +0. 186, ro’ =2.22 K 10-8 cm 
41 state: po= +0.85, go= +0.0067, A =402. 

The term values for the *II state may be represented by an equation which 
Mulliken and Christy® have adopted from Van Vleck’s’ theoretical paper on 
A-type doubling. This equation takes into account the effects of spin and A- 
type doubling, and if |A |< |p(II, ©), may be written 


TJ) = T+ Bi(J+}2?-14£ 3X} +3lo+ ot + Ut 4} 
+ 3X-1{(2 — V)(o + 3p* + g*) + (p* + 2g*)V — NU + 19} 
+ [+]3}0 +3) {[+14+X7Q2-F1)]Gp+ 9 + 2X-qJ —-)U +1)! 
+ DJ + 3). 


For the meaning of ali terms reference should be made to Mulliken and 
Christy’s paper. As to the signs, whenever the sign + occurs the upper sign 
refers to 72 states and the lower sign to 7; states, while whenever the brack- 
eted sign [+ | occurs the + sign refers to 74 levels and the — sign to 7, levels. 

If we take the average of 7.(J) and T.(J) the third line in the above equa- 
tion disappears, since one would involve the + sign and the other the — sign. 
Hence, the average energy term 7y.(J) =3{ Ta(J)+T.(J)} becomes 


B, +2 
Ta(J) = To + JU + | 8. — +o oo 


a | + DiJ*(J? + 1)] 


a« 


+ (terms independent of J or the J involved in X terms). 


° B,* +2 
Bt = |B, +S +( rms ‘) 
2 A? 2X 


with + sign according as © = +3, one obtains the customary form of A,F 
equation: 


Setting 








AF ac(J) = Bz*(4J + 2) + Ds'(8J* + 1272 + 12) + 4). (4) 


Applying this equation to the average A,F,.(J)’s given in Table III, the 
B’ and D’ values given in Table IV were obtained.$ 

The coupling constant A is determined in the usual way from the Hill 
and Van Vleck equation 


To = To’ + G(x) + Bot J + 3)? — A? + 3[40 4+ 3)? — 4.42A2/B + A2A2/B,?]}. 


By taking the difference of two band frequencies, one near each origin, 
which have the same lower state but arise from different upper states, one of 


6 R. S. Mulliken and A. Christy, Phys. Rev. 38, 87 (1931). 

7 J. H. Van Vleck, Phys. Rev. 33, 406 (1929). 

8 Computation of Bo,1/2 with the A2Fi-(J) and A:Fia(J) values of Table III separately 
gives 3.4762 and 3.4175 respectively. The Bo,-1/2=3.4468 given in Table IV is the mean of 
these two values. 
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which is a 7; state and the other a 72 state, a quadratic equation in A and B 
is obtained. By selecting, then, another suitable pair of frequencies a second 
equation is evaluated, and A can be found by solving the two equations 
simultaneously. The average of a number of such determinations has led to 
the value A = 462 as given in Table IV.° This value of A is much smaller than 
the A expected from the value 832 of the corresponding L, S coupling of the 
lowest *P state of Ba (cf. discussion below). 


SPIN AND A-TyPE DOUBLING 


It is of interest to investigate the spin and A-type doubling in bands be- 
cause of the light thus thrown on the probable electron configurations of the 
molecular states involved. The theoretical work of Van Vleck’ has been inter- 
preted in a detailed paper by Mulliken and Christy® with applications to 
many known band systems. The spin doubling is defined by Avy2(K) = 7:(K) 
— 72(K);—the separation of 7, and 7», levels having the same K value. 
Theoretically, 


Avie(K) = ¥(K + 3) (5) 


experimentally it is determined from the separation of the corresponding 
lines in P; and ?Qys, Q; and @Ry, °P2, and Qe, and “Qi. and Re branches with 
the same K. 

The A-type doubling is defined as Avz.(J) = Ta(J) —T.(J) ;—the separa- 
tion of 7, and 7, levels with the same J. Theoretically, for case aAvg.(J) 
= — p(J +3) for a *Il,,/2 state and 


p 
y 





? 
“q 

wu) = (44+ 2\o-yu tye +) 

for a *II)1/2 state; experimentally, the A-type doubling is obtained from the 

relation 


Ava(J + 3) = 3{(RY) -EV)] - (0PU +N -PUF+)]}. 


Figure 2 shows the spin and A-type doubling for these BaH states. Each 
point on the spin doubling curve is the average of the four values obtained. 
The curve varies linearly with (K +3) as expected, the slope giving the value 
of y listed in Table IV. The A-type doubling in the *II,/. state is large and 
negative, while in the “II, ;/2 state it is small and positive. It is interesting to 
note that the doubling in the “II, 1/2 state is practically zero until the perturbed 
level is reached, from which point it appears to increase as shown. The values 
of p and g calculated from equations (6) are given in Table IV. 


® Theoretically, A could be determined from the values of Bs*. For instance, the value X 
could be assumed to have value Y for low J’s since the value of Y is large (Y=A/B=125). 
Thus By* = B,+¢+1/A[B,2+B,*(p+2q/2)] where p and g have the values given in Table IV. 
Actual calculation by this method gives A = 395, which is much lower than the best value 462. 
The disagreement is due to (1) approximations made in obtaining By and (2) slight errors in 
By* causing a large error in constants (for example, a difference of 0.01 in B* causes a differ- 
ence of 70 in A). 
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The effect of A-type doubling on the relative position of the four levels of 
the “II state as K’ increases is shown in Fig. 3. All term values are calculated 
with 7\4(J) assumed equal to zero; the separation of 7). and 7}, levels is ob- 
tained directly from Av,y.(J) values for the *II,/2. state; T2¢ is computed from 
the difference in wave number of the lines P2(J) —?Qi2(J) = Tea(K’) — Tya(K’) 
where K’=J’’+3; and finally, 72. values are obtained from 7:3+Ava-(J) for 
the “II; 1/2 state, using however the interpolated values of Av,.(J) for the actual 
K’ level. 














a BaH aan 
a 
O | L | 
0 5 K 10 iS 
SPIN DOUBLING IN?% STATE 











A DOUBLING 





Fig. 2. Spin doubling in the normal 2 state and A-type doubling in the *II state of BaH. 
The linear doubling relation for the 2? state is apparent. Note that the A-type doubling is large 
in the 21/2 levels, while it is small and of opposite sign in the *II, 1/2 levels. The irregularity in 
the II; 1/2 curve is due to the perturbation caused by some lower-lying excited level of BaH. 


Comparison of Fig. 3 with similar graphs for SrH (Fig. 3 in following 
paper) and CaH"® brings out certain interesting features. In BaH the 7;, 
levels are above the 7T,, levels while the 72, levels are below the 724. The op- 
posite is true for SrH and for low K values for CaH. The doubling in the 
"IT, 12 state is very small indeed, as predicted for case a by Van Vleck’s theory, 
while the increase of doubling in the corresponding state of SrH and CaH 
shows that each in turn approaches closer to case } with increase in the molec- 
ular rotation. Also, the *IIj/2 level separations should be large for case a but 


10 Reference 6, p. 117. 
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should decrease and finally change sign as case } is approached. It is observed 
that in BaH these levels do not begin this tendency toward case b—even at 
the highest K we have observed, while the SrH level does start bending back 
at K’=28, and for CaH it starts back at K’=6, passing through zero at 
K’ =11. 

Mulliken and Christy® have shown that Van Vleck’s case of “pure pre- 
cession”, or something closely akin to it, exists between some of the known 
states of most diatomic molecules. In this case at least one electron has a well- 
defined / shared between say a II state with \=1 and a © state with A\=0. 
Then the y, ~, g constants have the following values 





+410 

















10 K—> 20? 
Fig. 3. Relative position of levels in the *II state of BaH. The doublet interval 724—T7; 


is very small, since the coupling is strictly case a. And for the same reason there is no tendency 
observable up to J =304 for the 7, levels to begin to come together. 


y= p = 2AB, Ll + 1)/v(I, 2 
and ™ 
q = 2B,? 1(t + 1)/o(I, = 


where A, B, and / have their usual meaning, and p(II,=) is the wave number 
difference of the II and 2 states which have the common |. This p(II,z) is 
positive or negative as II is higher or lower than 2. 

The disagreement between the observed y and p values for the normal 
2> and this *II state of BaH leads to the conclusion that the case of pure pre- 
cession does not exist between these two states. Hence, since these states do 
not have a common / they must arise from different electronic configurations. 
But from the sign and magnitude of p and q and the calculated values of 
A and B, computation with Eq. (8) with /=1 leads to the conclusion that a 
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case of pure precession does exist between the known “II state and an unknown 
excited 22+ state some 7000 wave numbers below the “II state. Unfortunately 
a band system arising from a transition from this predicted ?2 state to the 
normal *S state of BaH would lie too far into the infrared to be photographed. 
This may be the state a level of which is causing the perturbation observed 
at J =11}3 in the “II, 1,2 state. 


DISCUSSION 


The probable electron configuration of the BaH molecule in these states 
is not as readily determined as for the other similar hydride molecules. As 
Mulliken and Christy have pointed out, the fact that for CaH the observed 
po and go constants of the *II state and the yo for the doubling in the upper 
2S state indicate clearly that these two states have a relation of pure preces- 


sion between them with /=1 makes it very probable that these two states of 


CaH are --- 4pm and - - - 4pa. The normal ? state of CaH may then pos- 
sibly be - - - 3da, since in the Ca atom the 3d electron is almost as firmly 


bound as the 4p. In SrH, as is shown in the following paper, an almost identi- 
cal arrangement of levels is found. For BaH also, as has been demonstrated, 
there exists no pure precession relation between the *II and the normal *> 
states. But there is the evidence cited that interaction does occur between the 
*II state and an excited *=* state below it. The fact that this ?2 state lies 
below the “II is just what one would normally expect if they are really - - - 6p0 
and - : - 6p7 respectively. 

This *II] BaH state is unique among the corresponding “II states of these 
hydrides of the elements in the second column of the periodic table, however, 
in having its coupling constant A for the S, A interaction differing very con- 
siderably from the A for the lowest *P level of the atom concerned. Now Ba 
is the only-one of these atoms for which the lowest °D level is below the lowest 
3P level, the interval being 0.41 volt. It may be that in the formation of the 
BaH molecule, these two atomic levels are forced together and combine to 
form the molecular *II state with this lowered A constant. The dissociation 
relations would then be quite complicated. It is unfortunate that the in- 
dicated bands farther into the red cannot be investigated in order to note the 
interaction existing between their upper state and this “hybrid” “II state. 

We wish to thank Dr. Alden J. King for the supply of pure barium pre- 
sented to us for this research, and we are indebted to Professor R. S. Mulli- 
ken for helpful discussion on the subject of electron configurations. 
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ABSTRACT 


With a metallic strontium arc in a hydrogen atmosphere as a source, high dis- 
persion spectrograms of three groups of bands in the near infrared with main heads 
at 7020A, 7347A and 7508A have been obtained. Analysis shows that the latter two 
groups of bands constitute a *II-* system with only the (0, 0) and (1, 1) vibrational 
transitions, while the first group represents a transition from a higher *2 to the same 
normal ?Y state. Quantum analyses of the (0, 0) bands give for the normal ? state 


By'’ =3.6198 and Do’’ = —1.287 X 10-4, ro = 2.16 X 10-8 cm. For the *II state, A =299, 
By, -1/2' = 3.6683, Doi’ = —1.33 X10, Bo, 41/2’ = 3.6787 and Do, 41/2’ =1.13 X10. The 
rotational energy constants for the upper *2 state are By’ = 3.8318 and Do’ = —1.641X 


10-*. The spin doubling constant yo in the normal state is +0.122, in the upper ?2 state 
it is —3.81, while from the A-type doubling in the II state pp = —3.92 and go= —0.398. 
The doubling in the *2, 2 band is much the largest yet found in bands of this type. 
From the near equality of the po of the *II and the yo of the upper *= and their close 
agreement with calculated values, it is to be concluded that these two states stand to 
each other in the relation of “pure precession”, as is the case for the corresponding 
states of CaH. The probable electron configurations are then - ~~: 5px and - ~:~: Spo 
for the 2II and upper 2 states and - - - 4do for the normal state. 


INTRODUCTION 


ECAUSE of the great similarity in the character and relative positions of 

the lowest levels of the Sr and Ca atoms, one would expect that the band 
spectra of the SrH and CaH molecules should be somewhat alike. The 
*II—*> and ?2—*> band systems of the CaH molecule show several interest- 
ing features because of the large interaction between the *II and the upper ?2 
states.! These two states lie but 1320 cm apart, and from the magnitude of 
the observed doublings the amount of /-uncoupling is calculated to be very 
considerable, the component p of / along the direction of the rotational 
quantum number K being about 0.25 (1=1) when K =33. In view of the 
“pure precession” relation existing between these states, Mulliken and 
Christy conclude that the glectron configurations are - - - 4 prand-- - 4 po 
for the "II and upper *2 states respectively. This makes it possible that the 
normal *2 state of CaH is - - - 3 do, since in the Ca atom the 3d electron is 
almost as firmly bound as the 4p. In the Sr atom the 4d electron is also al- 
most as firmly bound as the 5, with the energy difference even a little smaller 
than for Ca. 

Since the 5'S—5%P, intersystem line for Sr is at 6892A, whereas the cor- 
responding transition for Ca is at 6572A, we could predict that these SrH 
band systems were to be found in the red region of the spectrum, probably 
beyond 6900A. Their description, together with the analysis of the BaH 


1 R.S. Mulliken and A. Christy, Phys. Rev. 38, 87 (1931). 
765 
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bands given in the preceding paper, completes the body of data on the 
prominent band systems of the diatomic hydrides of all the elements in the 
second column of the periodic table. 


EXPERIMENTAL PROCEDURE 


Practically the same experimental technique was employed in obtaining 
these SrH spectrograms as has been already described for the case of BaH. 
The only innovation was in the construction of the electrodes, and was due 
to the fact that the strontium metal was in the form of rather elongated 
crystals. Portions of these crystals were broken off, dipped in kerosene, and 
formed under high pressure into a small solid cylinder of the proper size with 
a stud protruding from one of its two flat surfaces. This stud of the metal 
was then made a rivet holding the Sr block on the flattened end of a length 
of $’’ brass rod which fitted into one of the plugs of the arc chamber. From 10 
to 20 of these small Sr electrodes had to be burned in the are for each expo- 
sure. 

The band spectra emitted by this arc consist principally of three groups of 
bands with main heads at 7020A, 7347A and 7508A, degrading toward the 
violet. The first group and the short wave-length half of the middle group 
were registered nicely on an Eastman 40 plate dyed with dicyanine. But even 
though the dicyanine has appreciable sensitivity out to beyond the SrH band 
line of longest wave-length at 7650A, this sensitivity proved insufficient to 
give an intense enough spectrogram of this long wave-length end with rather 
long exposure times. We noted that kryptocyanine has the maximum of its 
sensitivity curve at about 7500A, however, and with Eastman 40 plates dyed 
with kryptocyanine we obtained fairly intense spectrograms of this long 
wave-length portion of the spectrum. In addition to these bands in the red, 
there is a very dense grouping of lines in the yellow-green region which we 
have not investigated, and a rather intense small group of bands at 5800A 
which probably originate in some polyatomic molecule. 

Before the measuring of the spectrograms of the red bands, it was ob- 
served that the groups at 7347A and 7508A had about the expected spacing 
and structural features of a *"JI—?2 system for SrH. The quantum analysis 
verified this tentative conclusion. With the aid of the combination differ- 
ences for the * state from this analysis, it was then possible to analyze the 
7020A band and to show that it is the predicted *2-—>* transition with the 
same lower state as the other system. Fig. 1 is a reproduction of the spectro- 
grams showing these two SrH band systems. 


ANALYSIS OF THE "II? (0, 0) BAND 


Guided by the intensity distribution among the lines of the 7508A band, 
and a rough idea of the probable magnitude of the spin doubling in the lower 
state, the assignment of lines and J values in the P;, "Qy», Q; and ?Rie 
branches proved to be a simple task. The proper designation of R; branch 
lines then followed from the combination differences between the other five 
branches of this group. The rather peculiar regularity of the spacing of the 
band lines to the long wave-length side of the "II1,2 origin to be seen in Fig. 1 
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67%,Sr 


6878 Sr 


origin 
Pe head 


Pi head 


T070Sr 


7167,S5r 


7232,Sr 





Fig. 1. Reproductions of spectrograms showing the SrH bands. A. *II-+*2 band sequence. 
The °P,. branch proceeds out beyond the P; head, but the lines are of low intensity. The P: 
branch proceeds similarly towards longer wave-lengths from the Q2 head, and does not form a 
head. The head just on the short wave-length side of the *II, ;2 origin belongs to the Q2 branch 
of the (1, 1) band. B. *-*E band sequence. Note that the head next to the P; head is not the 
P, head but rather is P; for the (1, 1) band. The large separation of the P; and Pz» heads is in- 
dicative of the record size of the doubling in the upper ?& state. 
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is due to the interlacing of the P; and ’Qy branches. The double-headed ap- 
pearance of the bands is not as evident as in the case of the BaH system be- 
cause of the fact that these branches do not turn back. 

In the 7347A group of branches the two strong heads would appear to be- 
long to the P, and Q, branches respectively. But the relative distribution and 
form of the six branches in each sub-group of a *II-?S band are always 
similar, and it was therefore concluded that the Q2 branch produces the first 
head, the second being due to the Q» branch of the (1, 1) band. This arrange- 
ment proved to be correct, and with the aid of the various combination differ- 


TABLE I. Assignment of frequencies (cm™) for (0, 0) band of 1S system ef SrII (d indicates 
a double line). 


° oN 
“[]: »- 


jv+i OP P, PO, —; ®Ri» R, 
1 13357 .77 13360 .87 13362 .50d 13377 .83d 
? 13339 .43d 13357.64 56.36 62.50d 64.53 90.83 
3 26.43d 56.07 55.00 64.23 66.50 404.07 
4 13.84 54.59 53.70 66.07 68.54 17.27 
5 01.31 533.13 52.45 68.01 70.66 30.25 
6 288.91 51.76 51.23 70.05 73.03 43.47 
7 76.65 50.44 50.07 re eT 75.33 56.56 
8 64.52 49.10 48.94 74.42 77.83 69 .64 
9 52.58 47.85d 47 .85d 76.77 80.36 82.66 
10 40.73 46.64d 46.64d 79.24 83.13 495 .69d 
11 29.11 45.45 45.61 81.80 85.94 508 .67d 
12 7.41 44.24 44.57 84.52 88.95 21.41 
13 206.46 43.03 43.48 87.38 91.99 34.20 
14 195.40 41.83 42.40 90.41 95.20 46.93 
15 84.56 40.66 41.32 93.46 398.58 59.53 
16 73.99 39.43 40.22 396.76 402.99 72.00 
7 63.62 38.20 39.13 400.09 05.71 84.38 
18 53.48 36.94d 38.03 03.59 09.48 596.64 
19 43.60 35.73d 36.94dd 07.27 13.39 608 .75d 
20 34.00 34.52d 35..73d 11.05 17.41 20.82 
21 24.65 33 .29d 34.52d 14.99 21.64 32.67 
22 15.46 32.02 33.29d 19.07 25.94 44.40 
23 106.72 30.72 32.14 23.30 30.40 55.94d 
24 098.18 29.45 31.04 27.69 35.08 67.45 
25 089.86 28.12 29.84 32.25 39.86 78.73 
26 26.88 28.66 36.96 44.78 689 .97 
27 25.56 27.33 41.68 49.83 701.12 
28 24.34d 26.43d 46.67 55.07 12.05 
29 23.16 25.39 51.79 60.43 23.02 
30 21.99 24.34d 57.03 65.98 
31 20 .90d 23.32 62.49 71.59 
32 19.83 22.44 68 .04 77.41 
33 18.86 21.78 73.79 83.37 
34 17.97 29 .90d 79.67 89.50 
35 17.21 20.40 85.65 495 .69 
36 16.50 91.95d 502.i8 
37 15.92 498.20 08.67 
38 15.48 504.64 15.48 
39 15.24 11.28 22.29 
40 18.04 29.22 
41 24.99 36.23 
42 32.05 
39.24 
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TABLE I, (Continued). 














21143 —* E 
J” +4 P, °P., Qe FO. R: SRa 

2 13644.83 13659 .27 13663 .12 13677 .59 
3 13622 .66 13644 .39 41.52 62.90 67.26 88.67 
4 12.31 41.04 38.25 66.73 71.21 699 .99d 
5 601.89 37.64 35.10 70.68 75.32 711.26 
6 591.53 34.53d 32.10 74.57 79.52 22.67 
7 81.18 31.26 29.20 78.73 83.75 34.14 
8 70.98 28.20 26.44 82.84 88 .04 45 .59d 
9 60.91 25.36 23.87 86.98 92.44 57.03 
10 51.00 22.66 21.28 91.23 696.86 69.18 
11 41.09 20 .06 19.06 95.57 701.38 81.13 
12 31.41 17.66 16.97 699 .99d 06.02 793.19 
13 21.87 15.50 15.04 704 .43 10.63 804 .89 
14 12.44 13.33d 13.33d 08.98 15.35 17.61 
15 503.28 11.66 11.80 13.62 20.19 29.95 
16 494.18 09.59 10.58 18.31 25.11 42.58 
17 85.21 08.75d 09.59 23.02 30.09 55.25 
18 76.56 07.39 08.75 27.94 35.15 68.11 
19 68 .04 06.53 08.16 32.88 40.28 81.09 
20 59.70 05.87 07.92 37.90 45 .59d 894.32 
21 51.69 05.44 07.92 43.06 50.85 907 .60 
22 43.69 05.44 08.16 48.22 56.27 21.11 
23 36.06 05.44 08.75 53.60 61.71 34.75 
24 28.61 09.59 58.98 67 .38 48.70 
25 21.07 10.87 64.53 73.06 62.48 
26 13.65 12.31 70.14 78.87 76.44 
27 406.37 14.05 75.77 84.85 13990 .79 
28 399.25 16.11 81.68 90.79 14005 .19 
29 18.47 87.60 796.98 19.62 
30 21.12 93.63 803.21 34.26 
31 23.96 799.77 09.53 48.98 
32 27.24 806.08 16.09 63.86 
33 30.74 12.34 22.67 78.79 
34 34.53 18.91 29.29 093.71 
35 38.61 25.50 36.14 108.83 
36 42.96 32.22 43.04 23.93 
37 47.55 39.11 50.08 

38 52.51 46.15 57.08 

39 57.49 53.20 








ences mentioned in the discussion of the BaH spectrum, the assignments to 
the other branches were made. The wave numbers of all the lines of the twelve 
branches of this SrH band are given in Table I. 

Fortrat diagrams of these *II—*2 bands of BaH and SrH of course show 
considerable similarity since the ratio A/B is somewhat the same for both. 
The most evident difference between the two is that the Q; branch lies much 
nearer to the P; branch than to the R; branch in the SrH diagram, whereas 
in the case of BaH the Q, branch is rather nearer the R,; branch. This differ- 
ence in the relative position of the Q, branch is due to the fact that the large 
A-type doubling in the *I]j/2 state is of opposite sign in the two bands. 


EVALUATION OF THE CONSTANTS B, D AND A 
The lower state combinations defined by Eq. (1) of the preceding paper 
from which the molecular constants are computed are listed in Table II. The 


last column of this table gives the average values from which the By”’ and 
Dy" given in Table IV were calculated from Eq. (3) of the BaH paper. 
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” 


TABLE II. Lower state combinations. The 1st set of data givesthe A2F,"’ values obtained 
from Eq. (1) of preceding paper. The second set the A2F2’’(/J). The J values have been omitted 
in headings; Ri— P; = Ri(J—1) —Pi(J +1), etc. The A2F’’(K) values in the last column are 
the average of A2F,""(J =K +}) and A2F,'’(J =K —}), used in Eq. (3). 











AoF (J) A2F2"(J) P ik 

J"4+4 Ri—P; SRn—@P2 = av. |J"+4 Ri—P2 PRi—@P 2 av. KO ALF"(K) 
2 21.76 21.76 2 36.07 36.07| 1 21.76 
3 36.24 36.55 36.40 3 50.81 50.69 50.75| 2 36.15 
4 50.94 51.03 50.98 4 65.37 65.19 65.28] 3 50.81 
5 65.51 65.46 65.49 5 79.68 79.63 79.65| 4 65.36 
6 79.81 80.00 79.90 6 94.14 94.01 94.07| 6 79.71 
7 94.37 94.47 94.42 7 108.54 108.51 108.52| 6 94.25 
8 108.71 108.78 108.75 8 122.84 122.75 122.80] 7 108.62 
9 123.00 122.93 122.96 9 137.04 137.10 137.07] 8 122.62 
10 137.21. 136.97 137.09 | 10 151.35 151.25 151.30] 9 137.08 


11 = 151.45 151.52 151.49 11 §=165.45 165.42 165.43 10 151.39 
12 165.64 165.63 165.63 12. 179.51 179.48 179.50 11) =165.53 
13. 179.58 179.86 179.72 13 193.58 193.55 193.56 | 12 179.60 
14. 193.54 193.23 193.38 14. 207.35 207.43 207.39 | 13 193.47 
15 207.50 208.02 207.76 15 221.17 221.21 221.19 14. 207.43 
16 221.33 221.20 221.27 16 234.98 234.96 234.97 15 221.24 
17 235.06 235.19 235.12 17 248.55 248.61 248.58 | 16 235.00 
18 248.65 248.72 248.68 18 262.05 262.11 262.08 | 17 248.60 
19 262.12 262.24 262.18 19 275.45 275.48 275.46| 18 262.09 
20 = =275.46 275.65 275.55 20 «288.59 288.74 288.67 19 275.46 
21 288.80 288.88 288.84 21 =301.90 301.95 301.92 20 =288.73 
22 = 301.95 302.16 302.05 22. 314.79 314.92 314.85 21 301.93 








23 314.99 314.99 23 327.66 327.76 327.71 22 =314.90 
24 327.82 327.82 24 «9340.64 340.54 340.59 | 23 327.75 
24 340.59 








TABLE III. Upper state combinations. The A2F” headings are defined by Eq. (2) in pre- 
ceding paper. A2Fia-(J) is the average of A2Fi-(J) and A2Fia(J). A2F2ac(J) is the average of 
AoFea(J), and A2F2-(J). 














J"+4 = AeFia(J) AsFi(J)  AsFia(J) | J’+}  A2Foa(J) AzFe(J)  — A2F2ac(J) 
2 33.19 25.10 29.15 2 
48 .00 40.07 44.03 3 44.60 44.60 
4 62.68 54.70 58.69 4 58.90 58.95 58.93 
5 77.12 69.35 73.24 5 73.43 73.62 73.52 
6 91.71 84.12 87.41 6 87.99 88.14 88.07 
7 106.12 98.68 102.40 7 102.57 102.88 102.72 
8 120.54 113.31 116.93 8 117.06 117.39 117.23 
9 134.81 127.78 131.30 9 131.53 131.67 131.60 
10 149.05 142.40 145.72 10 145.86 145.52 146.19 
11 163.22 156.83 160.02 11 160.29 161.07 160.78 
12 177.17 171.24 174.21 12 174.61 175.53 175.07 
13 191.17 185.53 188.35 13 188.76 189.39 189.08 
14 205.12 199.80 202 .46 14 202.91 204.28 203 .60 
15 218.87 214.02 216.45 15 216.91 218.29 217.60 
16 232.57 228.10 230.33 16 230.93 232.99 231.96 
17 246.18 242.09 244.14 17 244.88 246.50 245.69 
18 259.70 256.00 257.85 18 258.59 260.72 259.66 
19 273.02 269.79 271.40 19 272.24 274.56 273.40 
20 286.30 283.41 284 .86 20 285.89 288.45 287.17 
21 299 .38 296.99 298.18 21 299 .16 302.16 300 . 66 
22 312.38 310.48 311.43 22 312.58 315.67 314.12 
23 325.22 323.68 324.45 23 325.65 329.31 327.48 
24 336.90 24 338.77 
25 350.00 25 351.99 











This value of By’’ = 3.6198 corresponds to an internuclear distance of 2.16 
10-§ cm. Table III contains the combinations as defined by Eq. (2) for the 
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‘II state. Again the average values listed in the columns headed A:F,,.(J/) 
and defined by Eq. (4) were used in calculating the Bo’ and D,’ constants.” 
These constants are given in Table IV. 

Calculation of the coupling constant A for the AZ interaction using the 
Hill and Van Vleck equation gives A = 299. This value stands to the coupling 


TABLE IV. Constants from the quantum analysis of the SrH bands (cm units). 








Normal 22 state: By’’ =3.6198, Do’’ = —1.287 XK 10-4, rp =2.16 KX 10-8 cm 
yo= +0.122 
211 state: Bo, -1/2' = 3.6683, Do, 172" = —1.33 107 
Bo, 4172" =3.6787, Do, +172" =1.13x10- 
A =299, po= —3.92, go= —0.398 
Upper? state: Bo’ =3.8318, Do’ = —1.641 X10™, yo’ = —3.81 








constant A = 387 for the lowest *P state of the strontium atom in practically 
the same ratio as exists between the A’s for the corresponding *II state of CaH 
and the lowest *P state of Ca. 


ANALYSIS OF THE 7020A ?2-—>*> (0, 0) BAND oF SRH 


There are eight series of lines or branches in the 7020A band, four of 
which belong to the (0,0) and the other four to the (1, 1) vibrational transi- 
tion. Assuming that the branch forming the first head on the red end is the 
P, of the (0, 0) band, that series which with this P; branch gives the same 
lower state combinations A:F,’’(/J) as previously found for the *II—*2 band 
was designated as the corresponding R,; branch. Then knowing exactly the 
doubling in the normal 2 state, those two of the remaining six series which 
give the same A,F,’’(J) combination differences as found above for the 
*II—*Z band could be labelled the P2 and R, branches. The assignment of 
wave numbers for these four branches is given in Table V. The R2 branch is 
relatively quite weak, and we can follow it only to J=15} on our spectro- 
grams. This may be due to the fact that the sensitivity of the dicyanine dye 
is beginning to decrease a little in this wave-length region. 

The second head of this 7020A band to be seen in Fig. 1 is not formed by 
the P, branch, as one would at first suppose, but is rather the P; head of the 
(1, 1) band. The large separation of the P; and P: branch heads indicates a 
very large spin doubling in the upper 2 state (cf. next section). Providing 
the doubling in both of the electronic states involved is sufficiently large, weak 
Qs; and Qi2 branch lines are expected near the origin as satellites of the P and 
R lines in bands of this type. The evidence for their existence in this band is 
not very good, however. There is a line that could be designated Q2:(3) about 
6 cm~' to the high frequency side of R,(}) as it should be, but it is obviously a 
double or triple line. The other Qs; and Qj: lines are probably too close to the 
R: and P, lines respectively to be resolved on our spectrograms. 

Table VI contains the lower state combination differences for this band. 
The values are practically identical with those of the *II—*2 band given in 


? Evaluation of Bo,_1/2’ from the A:F;. and A2Fig values separately gives Bo,-1/2,-’ =3.5206 
and Bo,+1/2,a’ = 3.8231. 
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TABLE V. Assignment of frequencies for the 7020A *=-—*> (0, 0) band of SrH (d indicates a 
double line; cm units). 








J+4 P, Ri P, R2 

1 14357 .81 14373 .71d 
2 14345 .30 363.79 384 .20d 
3 336.01 370.78 14337 .52 395 .00d 
+ 327.14 376.93 333 .74d 406.30 
5 319.60 384.20 329.95 417.83 
6 311.54 391.73 326.66 429 .66 
7 304.31 399.71 323.75 441.86 
8 297 .44 408 .03 321.19 454.37 
9 290.92 416.79 319.00 467.12 
10 285.01 425.90 317.28 480.17 
11 279.45 435.26 315.85 493.48 
12 274.35 445 .08 314.80 507 .06 
13 269 .63 455.24 314.25 520.83 
14 265 .32 465.72 313.82 534.90 
15 261.52 476.50 313.47 548 .76 
16 258 .06 487 .62 313.82 563.45 
17 255 .04 498 .99 314.25 

18 252.35 510.64 314.80 

19 250.22 522.64 314.80 

20 248 .45 534.80 315.85 

21 247 .03 547.29 317.28 

22 246.00 559.98 319.06 

23 245 .27 572.90 321.19 

24 244 .99 586.03 323.77 

25 244 .99 599 .38 326.66 

26 245.27 612.86 329.42 

27 246.00 626.48 332.18 

28 247 .03 640.26 335.16 

29 248 .45 654.21 338 .62 

30 250.23 668 .26 342.20 

31 252.35 346 .03 

32 254.48 350.20 

33 257 .02 354.58 

34 259 .86 359.02 

35 262.85 363.79 

36 266 .04 368 .66 

37 269 .63 373.71 

38 273 .34 378.90 

39 277 .33 384.20 

40 281.41 389.55 

41 285.71 395 .00 

42 290 .09 400.50 

43 294 .46 406.30 

44 299.18 412.17 








Table II, showing that the two systems have the same normal ?2 state. The 
initial state combinations are given by the relations 

Ri(J) _ P,(J) = Fy'VJ + 1) _ FJ on 1) = AF ;’(J) 

RAJ) — PoJ) = Fo! (J + 1) — Fo’ — 1) = AF 2’(J). 
These values are also listed in Table VI. There is a large divergence between 
the values of A,F,’ and A;F,’ due to very large spin doubling. In fact this 
doubling is the largest yet found for any ?2 state. Nevertheless, as in the case 
of the lower ?2 state, if we represent by 7,(K) the levels with J=K+} and 
by 72(K) the levels with J =K—3, then T’(K) =}{ 7\(K)+72(K)} has the 
value 

T(K) = To + Ty + BY[K(K + 1) — G] + D'K*™(K + 1)? + dy 
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TABLE VI. Upper and lower state combinations of 7020A *=-—+*= band. The A2F(K) values 
are the average of the second and third columns in each set, and are the AF values from which 
the constants are calculated. 


























Lower state combinations Upper state combinations 
J’+4 Ri-P, Re-P. K AsF'(K)| J+} Rid) R.(J) K  A:F(K) 
—-P\J)  —P2(J) 

2 21.80 36.19 1 21.80 2 18.49 1 

3 36.65 50.46 2 36.42 3 34.17 57.48 2 

4 51.12 65 .05 3 50.79 4 49.79 72.56 3 53.63 
5 65.39 79.64 4 65.22 5 65.14 87 .88 4 68.85 
6 79.89 94.08 5 79.76 6 80.19 103 .00 5 84.04 
7 94.29 108.47 6 94.18 7 95.40 118.11 6 99 .20 
8 108.79 122.86 7 108 .63 8 110.59 133.18 7 114.35 
9 123.02 137.09 8 123.94 9 125.87 148.12 8 129.52 
10 137.34 151.29 9 137.22 | 10 140.89 162.89 9 144.51 
11 151.55 165.37 10 151.42} 11 155.81 177 .63 10 159.35 
12 165.63 179.23 11 165.50 | 12 170.73 192.26 il 174.18 
13 179.76 193.24 12 179.50 | 13 185.61 206.58 12 188 .94 
14 193.72 207.36 13 193.48 | 14 200 .40 221.08 13 203 .49 
15 207.66 221.08 14 207.51 15 214.98 235.29 14 218.03 
16 221.46 234.51 15 221.27 | 16 229.56 249 .63 15 232.42 
17 235.27 248.65 16 234.89 | 17 243 .95 

18 248.77 17 248.71 | 18 258.29 

19 262.19 19 272.42 

20 275.61 20 286.35 

21 288 .80 21 300 . 26 

22 302.02 22 313.98 

23 314.99 23 327 .63 

24 327.91 24 341.04 

25 340.76 25 354.39 

26 353.38 26 367 .59 

27 365 .83 27 380.48 

28 378 .03 28 393 .23 

29 390 .03 29 405 .76 
30 401.86 30 418.03 
31 413.78 

and 


AoF’(K) = B'(4K + 2) + D'(8K* + 12K2 + 12K + 4). 


The A,F’(K) values are given in the last column of Table VI. These have 
been used to compute the By and Dy, constants for this upper ?2 state given 
in Table IV. 


Spin DOUBLING IN THE ?2 STATES AND A-TYPE DOUBLING IN 
THE “JI STATE OF THE SRH BANDS 


These bands offer an interesting example, very similar to that of CaH, for 
the application of the theory of spin and A-type doubling. Fig. 2 exhibits the 
spin doublings in both of the 2 states of SrH, as well as the A-type doubling 
in the *IT,,2 1111/2 levels. The computations for these curves were carried out in 
exactly the same way as outlined in the preceding paper, and the values of 
the doubling constants y, p, and g given in Table IV have been calculated 
using equations (5) and (6). The change of slope of the spin doubling curve 
for the upper 2 state, just as for the corresponding state of CaH, is probably 
due to the perturbing effect of other near-lying levels. Fig. 3 shows the relative 
spacing of the four terms of the *II states with increasing K, Tia(J) being 
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taken as zero. Comparing this figure with the corresponding diagram in the 
preceding paper, we note that the separation of the 7» levels is greater for 
SrH than for BaH, indicating that this *II state of BaH is much closer to case 
a. The separation of the 7) levels is greater for SrH than for the correspond- 
ing levels of either CaH' or BaH because of the large interaction with the 
near-lying upper ?~ state. But nevertheless these two levels begin to approach 
each other at K’ = 28, showing that transition towards case d is setting in. 

It is to be noted that all the doubling constants except Yo for the normal 
2> state are negative. The fact that the po and qo of the “II state are negative 
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Fig. 2. Spin and A-type doublings in the SrH states. Note particularly the change in slope 
of the spin doubling curve for the upper *= state as compared to the usual linear relation holding 
for the normal 2 state, and the tendency for the A-type doubling in the *II,/2 state to finally 
begin to decrease as J becomes large showing the setting-in of a transition towards case b. 











indicates interaction with a ?=+ state above it, and that this interaction is 
with the observed upper 22 state is attested by the near equality of this po 
= — 3.92 with the yo= —3.81 for the ? state as well as by the size of these 
quantities. For the similar “II state of BaH where there is no such near *2 
state above it, we have shown that the constants pp» and qo are positive and 
much smaller in value. And calculation with the formulas for y = p and for g 
assuming pure precession between these two SrH states (Equations (8) of the 
preceding paper), with A and B as given in Table IV, /=1, and vi(II, 2) 
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= —850 (the difference in cm~! between the mean of the II levels and the 
upper *> level), gives y= p= —5.18 and g= —0.63. 

These relations between these SrH states demonstrate that a very con- 
siderable amount of /-uncoupling takes place with increase of the molecular 
rotation, as is also true for the corresponding CaH states.'* Setting the 
doublet interval of the upper *2 level equal to Ap, where p is the component of 
lin the direction of K, we compute that at K =35 p=95/299=0.32. For the 
"IT, levels, then, the doublet interval for large K should become much larger 
than that calculated according to the Hill and Van Vleck equation, while the 
interval between the “II. levels should asymptotically approach zero as K in- 
creases.' If our data for the doubling in the SrH “II state extended to higher K 
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Fig. 3. Relative separations of the term values for the ?II state of SrH, T\a(/) being taken 
as zero. Compare the similar diagrams for CaH (reference 1) and for BaH (preceding paper). 


values, we would expect to see this behavior of the II levels about as well 
illustrated as for CaH, for the comparison of our Fig. 3 with the similar plot 
for CaH‘ shows the same trends occurring with increasing K. 


DISCUSSION 


In view of the low energy of the lowest *D levels in Ca, Sr and Ba and the 
relative position of this *D and the *P in these atoms and that of the “II and 
upper *2 states (assuming the indicated BaH band farther into the red to be 


22, 72) in CaH, SrH and Bal, it is tempting to consider the normal state to 
be - - - mpo and the upper *2 to be - - - (n—1)do. However, the same argu- 


3 W. W. Watson, Phys. Rev. 39, 278 (1932). 
* Reference 1, Fig. 4. 
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ments that led Mulliken and Christy! to interpret the upper 72 state of CaH 
as --- 4po hold for SrH. For, as we have shown above, the equality of the 
doubling constants fo for the *II state and yo for the upper *2 state and their 
close agreement with the calculated values assuming a relation of pure pre- 
cession with /=1 makes it highly probable that this relation exists between 
these two states. Therefore these two states are to be considered as - - - 5p 
and - - - 5po respectively, which leaves - - - 4do as the possible electron con- 
figuration for the normal 22 state. 

It is necessary to attribute the fact that npo lies above npr to a quantum 
mechanical repulsion between the normal (7 —1)do and the po states. Also 
this interpretation predicts a -- - (w—1)dz *II state which must lie higher 
than the - - - npr, *II state, for if it were lower the interaction with the normal 
state would produce a considerably larger yo in the latter than is observed. 
Possibly there may be bands for CaH and SrH involving this - - - (w—1)dz, 
"IT anda - - - (n—1)d6, *A, with perhaps close approach to case d’ conditions, 
and lying farther into the ultraviolet than heretofore investigated. It may be 
too that the dissociation relations for all these states are complicated, as was 
suggested in the preceding paper as a really necessary assumption for the 
BaH states in view of their observed constants. 

We wish to thank Dr. Alden J. King for the generous supply of pure 
strontium metal placed at our disposal, and we are indebted to Professor R. S. 
Mulliken for helpful correspondence on the subject of the nature of the 
probable electronic configurations. 
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ABSTRACT 


A group of bands (from v’=7 to v’ =13, v’’=2, 3 and 4) in the main absorption 
band system of bromine (Br."*-*') have been analyzed and found to consist of P and R 
branches only. Branches of the less abundant molecules, Br27° and Br2*!, showing al- 
ternating intensities, have been identified in several cases but owing to insufficient re- 
solution a quantitative determination of the ratio of intensities has not been possible. 
An accurate calculation of the vibrational isotope shift of band origins has confirmed 
the quantum numbering previously deduced by the writer from measurements of band 
heads. The numerical values of the vibrational constants have been revised slightly 
from data on band origins. The analysis gave the following rotational constants for 
the Br,7*-*! molecule: 


B,’’ =0.08091 B,' =0.0596 
a,’’ =0.00028 a,’ =0.00062 
I,!' =342.1X 107“ I.’ =465 X 107% 
r,'’=2.28X 10-8 r,'=2.65 X 1078 
INTRODUCTION 


HE analysis of the visible absorption bands of iodine and chlorine has 

made it possible to predict with reasonable certainty that the correspond- 
ing bands of bromine have the same simple structure, namely, P and R 
branches only. Nevertheless this spectrum up to the present has defied analy- 
sis,' for in spite of the smaller atomic weight the bands are more complicated 
in appearance than those of iodine. This complex appearance is due primarily 
to the unique isotope situation. The two equally abundant atomic isotopes,’ 
79 and 81, giving rise to three molecular isotopes, Br27*:7°, Br27*:*' and Br2!:*! 
in the relative abundance 1:2:1. The relative masses are such that the vibra- 
tional isotope shifts are small so that each band in the spectrum is made up of 
a superposition of three bands each having one P and one R branch. 

The vibrational analysis of these bands was first studied by Kuhn.’ Re- 
cently the vibrational isotope shift of band heads was observed by the writer* 
and used to establish the quantum numbering. In the latter work a second 
and weaker band system lying in the extreme red was observed. The ex- 
treme red bands, important for the development of theory of the electronic 
states of the halogens,’ have not yet been analyzed. 

* National Research Fellow. 

1M. Hay, J. Franklin Inst. 208, 363 (1929). The dispersion employed in this work was in- 
sufficient to resolve the P — R doubling. 

2 F, W. Aston, Proc. Roy. Soc. 115, 487 (1927), gives 78.929 and 80.926 for the isotope 
masses. Chemical atomic weight 79.92. 

3H. Kuhn, Zeits. f. Physik 39, 77 (1926). 

4 W. G. Brown, Phys. Rev. 38, 1179 (1931). 

5 R.S. Mulliken, Phys. Rev. 36, 669, 1440 (1930). 
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Fig. 1. Fortrat diagram showing the six branches of the 9,4 band but only the Br,7*-* 
branches of the weaker overlapping bands, 11,5, and 7,3. The arrows indicate the P —R doub- 
lets of Br27*.*! (9,4). Alternating intensities are indicated by light and dark circles. 
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ABSORPTION BANDS OF BROMINE 779 


EXPERIMENTAL 

The photographs were taken in the third order of a 21 ft. Rowland grating 
(0.8A/mm) on Ilford Special Rapid Panchromatic Plates with neon lines as 
standards. Two Pyrex absorption tubes, 50 and 150 cm in length were used, 
the longer tube for the weaker bands in the red. The lines are quite sensitive 
to pressure broadening and it was found necessary to employ vapor pressures 
of less than 100 mm to obtain satisfactory resolution. With a single filament 
120 watt tungsten lamp exposures from six to twelve hours sufficed depend- 
ing on the vapor pressure.’ No particular precautions were taken to ensure 
purity of the bromine beyond two fractional distillations of reagent quality 
bromine in vacuum. 

The measurements were reduced directly to wave numbers in vacuum by 
linear interpolation over intervals of 5 mm on the plate, a polynomial fitting 
wave-lengths of the standard lines being used to calculate frequencies for 
each 5 mm. For this time saving method of reduction the writer is indebted to 
Dr. W. Weizel. In the region 6000-6300A approximately 2,500 lines were 
measured. 

In most cases the P and R branches of Br.7*:*! were readily recognizable 
because of their slightly greater intensity and absence of alternation. Exten- 
sive use was made of the scheme devised by Loomis and Wood? for locating 
branches of the less abundant molecules. A characteristic feature of these 
bands is that the P and R branches of each molecule are coincident or form 
a series of close doublets over their entire course, P(J) being coincident with 
or close to R(J +4). The separation of these lines decreases with decreasing 
quantum number and in no case was it possible to resolve them for P(J) < 
18. In one case (9,2) they appear to be exactly coincident up to at least J = 
60 forming a single series of remarkably sharp lines. In some bands, 10,4 and 
9,3, the coincidence is not exact and results in broadening or smearing of 
lines. This so-called P-R doubling, of no theoretical significance, arises merely 
from the particular values of the constants and is characteristic also of the 
corresponding chlorine and certain of the iodine bands. 


CALCULATION OF ROTATIONAL CONSTANTS 


The combination differences needed for calculating rotational constants 
are R(J)—P(J)=A2F’(J) and R(J—1)—P(J+1)=A,"’F(J). These are 
listed (for Br,79*') in Tables Ia and Ib so as to allow comparison of data for 
each vibrational level. The agreement is satisfactory in all cases where the 
P-R doubling has been resolved. Fortunately, in this case the calculation of 
the constants B’ and B”’ from the combination differences is an extremely 
simple one since they are given by 


AoF = 2B + 4BJ + 8DJ* 
where the coefficient D is so small for both upper and lower states that one 


* Weak continuous absorption overlaps the main absorption bands. Note the gradually 
changing background density in the microphotometer trace in Fig. 1. 
7 F. W. Loomis and R. W. Wood, Phys. Rev. 32, 223 (1928). 
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TABLE Ia. Combination differences for the lower levels of Br :79:*, 
A:F” =R(VJ —1) —P(J +1) 





























J 8&2 TT ee ee ee ee ee 9.4 10,4 11,4 
20 6.52 6.55 

21 6.83 6.94 

22 7.18 7.17 

23 7.51 7.51 7.51 7.53 7.55 

24 «7.80 7.84 7.81 7.87 7.80 7.83 7.85 7.84 
25 8.20 8.17 8.11 8.22 8.14 8.17 8.19 8.08 
26 8.49 8.49 8.38 8.45 8.56 8.47 8.53 8.44 
27 8.86 8.83 8.84 8.72 8.75 8.79 8.78 8.74 8.75 
28 9.11 9.15 9.13 9.10 9.18 9.12 9.09 9.05 9.06 
29 9.45 9.48 9.42 9.41 9.46 9.42 9.44 9.40 9.48 
30 9.78 9.80 9.83 9.72 9.74 9.80 9.70 9.71 9.77 
3 10.07 10.11 10.07 10.06 10.10 10.08 10.02 9.97 10.07 
32 10.42 10.42 10.42 10.29 10.43 10.38 10.37 10.30 10.41 
33 10.77 10.73 10.72 10.72 10.78 10.69 10.67 10.71 10.74 10.73 
34 10.98 11.04 11.07 11.00 11.07 11.07 11.05 11.02 11.04 11.03 
35 11.30 11.36 11.39 11.36 11.32 11.37 '4.a0 11.39 11.36 11.35 11.36 
36 11.69 11.68 11.68 11.68 11.65 11.68 11.65 11.71 11.66 11.67 11.70 
37 12.10 12.01 12.02 11.97 12.00 12.00 12.03 12.03 11.97 12.02 11.96 
38 12.33 12.32 12.38 12.31 12.29 12.31 12.29 12.33 12.26 12.34 12.24 
39 12.62 12.64 12.70 12.51 12.61 12.62 12.58 12.68 12.58 12.67 12.57 
40 13.01 12.98 12.99 12.90 12.94 12.95 12.97 12.96 12.88 12.97 12.79 
41 13.30 13.31 13.22 13.24 13.28 13.31 13.25 13.23 13.27 13.23 
42 13.62 13.62 13.65 13.55 13.62 13.58 13.56 13.52 13.59 13.51 
43 13.93 13.92 13.83 13.88 13.86 13.97 13.89 13.86 13.94 13.84 
44 14.25 14.28 14.23 14.20 14.19 14.24 14.20 14.18 

45 14.60 14.61 14.60 14.56 14.50 14.52 14.45 14.49 

46 14.91 14.92 14.87 14.88 14.82 14.87 14.85 14.83 

47 15.23 15.24 15.24 15.20 15.20 15.09 15.20 

48 15.55 15.67 15.55 15.43 15.53 

49 15.88 15.88 15.82 15.73 15.78 

50 16.22 16.23 16.13 15.96 16.19 

51 16.52 16.41 16.40 

52 16.83 16.80 16.66 

53 17.15 16.97 

54 17.46 17.33 

55 17.77 17.77 17.64 

56 18.06 17.99 

57 18.36 18.37 

58 18.67 18.64 

59 18.99 18.88 

60 19.33 19.24 

61 19.61 

B” 0.08010 0.08023 0.07975 0.08007 0.07997 0.08000 
obs. 0.08017 0.07998 0.07988 0.07995 0.07967 0.07975 
B" 0.08022 0.07995 0.07967 
cale. 

can use the theoretical value (D,= —4B,3/w,?). The value of B is then ob- 


tained from the expression 





ine D(A + 8D J*) 
45(J + 3) 


The values so obtained are shown in Table I together with the values cal- 
culated from an expression of the type 


B, = B, — a(v + 3). 
THE IsoTOPE EFFECT 
The lines of the v’, v’’ band of Br27°-*' can be represented by the equation 
y= V+ By( J’ + 3)? + Dil I’ + 9) — Bor I" + 9)? — Dor(I" + 9)* (1) 


where the coefficients B, and D, are functions of the vibrational quantum 


numbers v’ and v’’ 
B, = B, — a(v + 3) (2) 


D, = De + B(v + 3). (3) 
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TABLE Is. Combination differences for the upper levels of Br.™%*, 
A:F’ =R(J) —P(J) 























J 7S 8,2 8,3 9,2 9,4 10,2 10,3 10,4 11,3 11,4 12,3 13,3 
22 4.91 

23 5.08 5.06 5.02 5.04 4.95 4.98 4.85 4.75 
24 5.35 5.32 $.17 $.24 $5.20 $5.10 5.06 4.94 
25 5.51 5.45 5.45 5.44 5.35 5.32 5.31 §.22 
26 5.78 5.65 $.71 5.62 5.69 5.54 5.52 5.48 5.40 
27 5.98 5.94 5.86 5.83 5.90 5.78 5.75 $.73 5.59 
28 6.17 6.15 6.12 6.04 6.00 5.93 5.97 5.89 5.83 
29 6.34 6.37 6.33 6.27 6.24 6.21 6.15 6.11 5.95 
30 6.60 6.62 6.46 6.40 6.45 6.44 6.48 6.27 6.16 
31 6.77 6.71 6.73 6.66 6.62 6.63 6.70 6.53 6.41 
32 6.99 7.03 6.94 6.99 6.84 6.92 6.86 6.86 6.70 6.60 
33 7.29 7.23 7.16 7.21 7.09 7.15 7.05 7.08 6.91 6.82 
34 7.52 7.48 7.35 7.41 7.28 7.30 7.34 7.28 7.29 7.13 7.04 
35 7.60 7.68 7.57 7.65 7.48 7.50 7.57 7.47 7.48 7.33 7.29 
36 7.85 7.91 7.77 7.89 7.74 7.73 7.83 7.60 7.64 7.55 7.48 
37 8.09 8.16 8.00 8.07 7.96 7.93 7.99 7.81 7.87 7.73 7.66 
38 8.39 8.25 8.23 8.25 8.15 8.14 8.20 8.07 8.09 7.92 7.88 
39 8.58 8.53 8.43 8.44 8.37 8.34 8.45 8.28 8.21 8.14 8.06 
40 8.73 8.74 8.75 8.69 8.54 8.56 8.66 8.47 8.46 8.35 8.27 
41 8.93 8.99 8.87 8.86 8.78 8.77 8.87 8.69 8.62 8.56 8.45 
42 9.16 9.03 9.12 9.02 8.95 9.08 8.90 8.88 8.79 8.63 
43 9.50 9.32 9.36 9.18 9.19 9.24 9.08 9.06 9.00 8.83 
44 9.59 9.45 9.51 9.36 9.44 9.47 9.26 9.31 9.16 9.03 
45 9.69 9.75 9.63 9.605 9.66 9.49 9.34 9.31 
46 9.99 9.93 9.88 9.86 9.88 9.75 9.60 9.47 
47 10.09 10.20 10.05 10.06 10.11 9.93 9.82 9.63 
48 10.41 10.35 10.27 10.34 10.16 10.03 9.87 
49 10.67 10.56 10.57 10.59 10.19 

50 10.77. 10.81 10.61 10.76 10.34 

$1 11.05 11.01 10.90 11.02 10.59 

52 11.20 11.20 10.81 

$3 11.36 11.41 11.04 

54 11.91 11.70 11.60 

55 12.14 11.86 11.87 

56 12.39 12.03 12.12 

57 12.58 12.32 12.30 

$8 12.77 12.49 

59 12.99 12.73 

60 13.20 12.88 

61 13.45 13.13 

62 13.62 

B’ 0.05487 0.05415 0.05367 0.05303 0.05250 0.05170 
obs. 0.05412 0.05355 0.05297 0.05252 0.05100 
B’ 0.05487 0.05425 0.05362 0.05300 0.05237 0.05175 0.05112 


cale. 











The general theory § of the isotope effect in band spectra indicates that for an 
isotope molecule one substitutes p(v+3) for (v+4) and p(J+4) for (J+3) 
where p is the square root of the ratio of the reduced masses. v° is also a func- 
tion of the vibrational quantum numbers and so the isotope molecule will 
have a different origin, v°+6v°. dv° is the vibrational isotope effect and can be 
treated separately. Then on making these substitutions one finds that for the 
isotope molecule, such as Br2”* or Br2*!, one obtains new coefficients in equa- 
tion (1) related to the original ones as follows: 


‘B, = [Be — ap(o + 3) ]o* (4) 
‘D, = [De + Bo(v + 3) Jot. (5) 


In table II the combination differences for Br27° and Br.*! are given together 
with the B values calculated from them, and those calculated from the data 
for Br279:8! by means of equation (4). The values of p calculated from Aston’s? 
atomic weights, are 1.00623 and 0.99373 for Br27° and Br.*! respectively. 
Substituting appropriate values for the constants in equation (1) one can 
calculate from each band line a value of v°. The origins calculated from Br.7° 


®R. S. Mulliken, Phys. Rev. 25, 119 (1925). 
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or Br;*! lines will differ from the corresponding Br,7*:*! origins by an amount, 
5v° which is given theoretically by 


bv? = we'(v’ + 3)(o — 1) — w.'xe'(o' + 3)*%(0? — I) + --- 
= we"(0" + Ilo = 1) + exe" + DUO - 1) —--- ©) 
where the vibrational constants w, and x, to be used are those for Br.7*:*! 
and the appropriate values of p are to be substituted to obtain the shift of the 


Ty, 
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Fig. 2. Combination differences for the 9,4 band. 


Br,’ or Br2*! origin relative to that of Br27*:*'. In this case terms involving 
(v+3)' are negligible. Table III gives the vibrational analysis together with 
the vibrational constants of Br.79:*', and in Table IV the “observed” vibra- 
tional isotope shifts of Br.7* and Br.*!, and the values of 6v° calculated from 
equation (6) are given. The agreement is well within the limit of error of the 
constants used and confirms the vibrational numbering. This is also shown 
by Fig. 4 where the quantity Av(Av=6G’/w,) is plotted against (v’ +4) (cf. 
Fig. 1 reference 4). 
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An alternative method of calculating the vibrational isotope shift from 
the band lines is to consider the separation of corresponding lines as the sum 
of the vibrational isotope shift, 6v°, and a rotational shift given by 


SV rot — « (*B’ —_ B’ + iB” — BY") J" + (‘B’ = B’ — 


for P lines, and 


Sot = (1B’ — B’ + *B” — B”)( J” +1) + ('B’ - 


for R lines. 
0,06 


iB” + B”) ji 
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Fig. 3. 
TABLE II. Combination differences for Br:”* and Br;*'. 
94 10,2 11,3 
A:F” A:F’ A.F” A:F’ A:F” :F’ 
J 79-79 81-81 79-79 81-81 79-79 81-81 79-79 81-81 79-79 81-81 79-79 81-81 
33 7.30 10.58 6.97 
34 11.15 7.51 7.28 7.34 7.16 10.92 7.08 
35 11.42 11.15 7.68 7.50 | 11.49 11.26 7.57 7.42 11.17 7a 
36 11.76 11.49 7.87 7.72 | 11.82 11.56 7.83 7.62 11.81 11.50 7.55 
37 12.09 11.76 8.14 7.98 | 12.29 11.91 8.02 7.84 12.13 11.84 7.95 7.81 
38 12.41 12.10 8.36 8.12 12.48 12.20 8.38 8.13 12.50 12.19 8.15 7.99 
39 12.71 12.41 8.57 8.35 | 12.92 12.53 8.47 8.28 12.76 12.54 8.37 8.10 
40 13.06 12.77 8.77 8.58 | 13.18 12.84 8.72 8.46 13.07 12.72 8.54 8.33 
41 13.38 13.04 8.98 8.81 8.86 8.66 13.45 13.01 8.77 8.53 
42 13.68 13.34 9.22 9.00 13.71 13.41 9.00 8.78 
43 14.04 13.68 9.47 9.19 14.03 13.72 9.14 8.93 
44 14.38 14.00 9.66 9.38 
45 14.71 14.28 9.84 9.61 
46 14.98 14.58 10.11 9.83 
47 15.32 14.94 10.27 10.04 
48 15.59 15.23 10.51 10.26 
49 15.94 15.56 10.71 10.39 
50 16.30 15.81 10.89 10.65 
51 16.58 16.14 11.14 10.89 
52 16.89 16.49 11.36 11.02 
53 17.23 16.73 11.59 11.23 
54 17.57 17.03 11.80 11.47 
55 17.86 17.41 11.99 11.66 
56 18.19 17.72 12.23 11.90 
57 18.56 18.03 12.44 12.11 
58 18.87 18.33 12.63 12.32 
59 18.66 12.88 12.52 
60 12.74 
B |0.08067 0 2 0.08129 4 0.08085 0.05298 
obs. 7855 0.05291 0.05238 0.07896 0.05179 
B |0.08066 0.05426 0.08122 0.05362 0.08094 0.05298 
calc. 0.07869 0.05299 0.07923 0.05238 0.05177 
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TaBLe III. Vibrational analysis of Br2™-*' band origins. 
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9 16,529.50 316.77 16,212.73 314.66 





131.49 131.45 

10 16,660.99 316.81 16,344.18 314.62 
127 .64 

11 16,471.82 314.61 
123.77 
12 16,595.59 
119.98 
13 16,715.57 


15,898.07 
131.49 
16,029.56 
127.65 
16,157.21 
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y=15,891.3+4+169.71 (v’ +14) —1.913 (v’ +14)?-323.2 (v” +14) +1.07(0 +4)? 
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Fig. 4. 
TABLE IV. Observed and calculated vibrational isotope shifts. 
bv° by? : 
Band Mol. Origin Obs. Calc. 
79-79 16,664.51 +3.52 +3.52 
10,2 79-81 660.99 
81-81 657 .43 —3.56 —3.56 
79-79 16,473.97 +2.15 +2.10 
11,3 79-81 471.82 
81-81 469.68 —2.14 —2.16 
79-79 15,897.17 —0.90 —0.90 
9,4 79-81 898 .07 
81-81 898.97 +0.90 +0.90 
79-79 16,598.20 +2.61 +2.59 
79-81 595. 
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The difference in D values for the two molecules is negligible. Values of 5v° 
calculated in this way for each observed line in the 9,4 band are given in Table 
V. For some reason the R branch of Br,7*:7° gives a value slightly low but the 
other values are in extremely good agreement with theory. 


ALTERNATING INTENSITIES 


One of the most interesting questions in connection with the spectrum of 
bromine is that of the nuclear spins and its effect on the intensities of lines in 
bands of the symmetrical molecules. Unfortunately this question cannot be 
answered at present any more than to state that the phenomenon of alterna- 
ting intensities is definitely observable. This is shown by the intensities given 
in Table V which are peak height in mm on the microphotometer trace of the 
0,4 band reproduced in Fig. 1, the lines originating on odd numbered levels 
(odd J’’) being stronger. Thus the complete wave-function Y must be anti- 
symmetric in the nuclei, and, like Cl, the Br nuclei obey the Fermi-Dirac 
statistics in accordance with the usual rule for atoms containing odd numbers 
of protons. In many respects this is the simplest region of the spectrum yet 


TABLE V. Lines and isotope shifts in the 9,4 band, P branches. 















































Pag Int. 81,81 | Int. 79,81 | Int. 79,79 bv by® bv bv® 
29 15872.24 15871.00 1.24 0.90 
30 15871.83 | 30 870.56 | 12 869.30 | 1.27 0.91 | 1.26 0.90 
31 20 870.09 | 29 868.83 | 27 867.51 | 1.26 0.87 | 1.32 0.93 
32 14 868.36 | 24 867.09 | 16 865.75 | 1.27 0.86 | 1.34 0.93 
33 18 866.59 | 21 865.23 | 14 863.90 | 1.36 0.92 | 1.33 0.89 
34 15 864.74 | 27 863.37 | 16 861.98 | 1.37 0.91 | 1.39 0.93 
35 13 862.82 | 20 861.42 | 18 860.06 | 1.40 0.91 | 1.36 0.87 
36 17 860.87 | 21 859.42 | 21 858.07 | 1.45 0.94 | 1.35 0.84 
37 18 858.83 | 29 857.41 | 30 855.98 | 1.42 0.88 | 1.43 0.89 
38 10 856.83 | 20 855.34 | 16 853.85 | 1.49 0.92 | 1.49 0.92 
39 23 854.71 | 25 853.22 | 27 851.71 | 1.49 0.89 | 1.51 0.91 
40 7 852.54 | 21 851.01 | 13 849.50 | 1.53 0.90 | 1.51 0.88 
41 19 850.29 | 27 848.78 | 19 847.22 | 1.51 0.85 | 1.56 0.90 
42 9 848.08 | 23 846.47 | 17 844.89 | 1.61 0.92 | 1.58 0.89 
43 22 845.76 | 28 844.12 | 23 842.52 | 1.64 0.92 | 1.60 0.88 
44 17 843.40 | 28 841.73 | 17 840.07 | 1.67 0.92 | 1.66 0.91 
45 19 840.95 | 32 839.28 | 23 837.61 | 1.68 0.90 | 1.67 0.88 
46 24 838.50 | 25 836.79 | 18 835.02 | 1.71 0.89 | 1.77 0.95 
47 19 835.98 | 28 834.18 | 19 832.47 | 1.80 0.95 | 1.71 0.86 
48 20 833.39 | 24 831.63 | 15 829.81 | 1.76 0.87 | 1.82 0.93 
49 14 830.79 | 22 828.95 | 16 827.15 | 1.84 0.92 | 1.80 0.88 
50 14 828.09 | 24 826.25 | 19 824.38 | 1.84 0.88 | 1.87 0.91 
51 15 825.37 | 25 823.45 | 25 821.56 | 1.92 0.92 | 1.89 0.89 
52 14 822.60 | 14 820.66 | ,9 818.71 | 1.94 0.90 | 1.95 0.91 
53 20 819.77 | 20 817.80 | 20 815.81 | 1.97 0.89 | 1.99 0.91 
54 8 816.89 | 22 814.90 | 20 812.84 | 1.99 0.88 | 2.06 0.94 
55 19 813.97 | 19 811.88 | 14 809.83 | 2.09 0.94 | 2.05 0.89 
56 810.92 808 . 86 806.78 | 2.06 0.86 | 2.08 0.88 
57 807.91 805.76 803.63 | 2.15 0.91 | 2.13 0.89 
58 804.82 802.61 800.45 | 2.21 0.93 | 2.16 0.88 
59 801.69 799.42 797.20 | 2.27 0.95 | 2.22 0.90 
60 798 .48 796.22 2.26 0.89 

61 792.91 

Mean 0.903 0.899-—— 


Theoretical 
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TABLE V. (Continued. R branches). 
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J Int. 81,81 | Int. 79,81 | Int. 79,79 | dv by | 5,0 
32 15874.08 
33 872.44 15871.20 1.24 0.88 
34 15872.02 | 27 870.78 | 10 869.49 | 1.24 0.86 | 1.29 0.91 
35 27 870.32 | 28 869.07 | 24 867.74 | 1.25 0.84 | 1.33 0.92 
36 19 868.59 | 28 867.31 | 19 865.94 | 1.28 0.85 | 1.37 0.94 
37 19 866.81 | 21 865.48 | 15 864.12 | 1.33 0.88 | 1.36 0.90 
38 20 864.95 | 26 863.59 | 14 862.21 | 1.36 0.88 | 1.38 0.90 
39 24 863.06 | 26 861.66 | 24 860.28 | 1.40 0.89 | 1.38 0.87 
40 8 861.12 | 16 859.70 | 16 858.27 | 1.42 0.88 | 1.43 0.89 
41 16 859.10 | 29 857.64 | 23 856.20 | 1.46 0.90 | 1.44 0.87 
42 9 857.08 | 25 855.59 | 12 854.11 | 1.49 0.90 | 1.48 0.89 
43 23 854.95 | 31 853.48 | 24 851.99 | 1.47 0.85 | 1.49 0.87 
44 12 852.78 | 27 851.24 | 13 849.73 | 1.54 0.89 | 1.51 0.86 
45 23 850.56 | 33 849.03 | 21 847.45 | 1.53 0.85 | 1.58 0.90 
46 13 848.33 | 24 846.72 | 11 845.13 | 1.61 0.90 | 1.59 0.88 
47 25 846.02 | 27 844.38 | 25 842.74 | 1.64 0.90 | 1.64 0.89 
48 15 843.65 | 26 841.98 | 13 840.32 | 1.67 0.89 | 1.66 0.88 
49 25 841.18 | 26 839.51 | 19 837.86 | 1.67 0.86 | 1.65 0.84 
50 17 838.74 | 23 837.06 | 17 835.27 | 1.68 0.83 | 1.79 0.94 
51 23 836.26 | 28 834.46 | 23 832.70 | 1.80 0.91 | 1.76 0.88 
52 19 833.62 | 29 831.87 | 19 830.07 | 1.75 0.83 | 1.80 0.88 
53 14 831.00 | 23 829.21 | 19 827.40 | 1.79 0.84 | 1.81 0.86 
54 14 828.36 | 25 826.50 | 16 824.64 | 1.86 0.87 | 1.86 0.87 
55 12 825.63 | 18 823.75 | 20 821.82 | 1.88 0.85 | 1.93 0.90 
56 16 822.85 | 21 820.98 9 819.01 | 1.87 0.80 | 1.97 0.90 
57 24 819.99 | 25 818.06 | 22 816.07 | 1.93 0.82 | 1.99 0.88 
58 5 817.14 | 19 815.10 | 17 813.08 | 2.04 0.89 | 2.02 0.87 
59 17 814.21 | 18 812.15 | 12 810.08 | 2.06 0.87 | 2.07 0.88 
60 811.22 809.10 806.98 | 2.12 0.89 | 2.12 0.89 
61 808.18 806.04 803.90 | 2.14 0.87 | 2.14 0.87 
62 805 .09 802.88 800.66 | 2.21 0.90 | 2.22 0.90 
63 801.96 799.70 797.44 | 2.26 0.90 | 2.26 0.90 
64 796.46 
65 793.17 
Mean 0.870 0.889 
Theoretical 0.896 0.902 
TABLE VI. Rotational constants of bromine. 
Upper State Lower State 
79-79 79-81 81-81 79-79 79-81 81-81 
B. 0.0603 0.0595 0.05882 0.08192 0.08091 0.07990 
Bo 0.0600 0.0592 0.05851 0.08178 0.08077 0.07976 
I, 459 465 471 337.9 342.1 346.4 x 10-4 
In 461 467 473 338.5 342.7 347.0 x 10-*° 
Ye 2.65 2.65 2.65 2.28 2.28 2.28 x 1078 
ro 2.66 2.66 2.66 2.28 2.28 2.28 x 10-8 
dD. 3.0 2.9 2.8 2.0 2.0 2.0 x 10-8 
a 0.00064 0.000625 0.00061 0.00028 0.000275 0.00027 

















the overlapping by the 11,5 and 7,3 bands is a serious complication. It is of 
interest to note that the nuclear spin J=3/2 as deduced from hyperfine 
structure® would result in a ratio of intensities 1.67:1. This value is favored 
by the present rough measurements but the value J =5/2 with a ratio of in- 
tensities 1.4:1 is not precluded. This problem requires further study. 


® DeBruin, Nature 125, 414 (1930); S. Tolansky, Nature 127, 855 (1931). 
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SUMMARY OF CONSTANTS 


Values of the rotational constants are given for the three molecules in 
Table V1. These form an inter-connecting set as the values for the less abun- 
dant molecules were calculated from those for Br,7*:*! by means of the various 
relations given above. 

My thanks are due to Professor R. S. Mulliken for suggestions and advice 
and to Professor G. S. Monk for his cooperation in obtaining best results from 
the grating. 
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THE NEAR INFRARED ABSORPTION SPECTRA OF SOME 
HALOGEN DERIVATIVES OF METHANE 
By Joun G. MoorHEAD 
NORTHWESTERN UNIVERSITY AND WESTMINSTER COLLEGE 
(Received January 21, 1932) 
ABSTRACT 


The infrared absorption spectra of CH;Cl, CHsBr, and CH,I, in vapor form, were 
measured from 1.5u to 3.0u. The fine structure of bands in the 2.34 region was resolved 
in the first order. The fine structure of bands in the 1.6u region was resolved in the 
second order, but not in the first. Seven bands were found. 


INTRODUCTION 


ENNETT and Meyer' investigated the infrared absorption spectra of 
the four halogen derivatives of methane, CH;F, CH;Cl, CH;Br, and 
CH;I, in the vapor form. They applied the theory of the spinning top type 


Z 


4 
'‘ 
' 
' 
' 





H 
Fig. 1. 


of molecule, as developed by Dennison and others.” Only a brief outline of the 
theory is given here. The halogen and the carbon atoms form the only axis of 
symmetry (see Figure 1). C represents the moment of inertia about Z, the 


1 Bennett and Meyer, Phys. Rev. 32, 888 (1928). 
2 Dennison, Phys. Rev. 28, 318 (1926). Other references are given in the article by Ben- 


nett and Meyer. 
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axis of symmetry. A and B represent the moments of inertia about the X- 
and Y-axes, respectively; then A = B. There are two possible normal modes of 
vibration. In the first type, the change of electric moment vibrates parallel 
to the axis of symmetry, giving rise to a “parallel” band. In the second type, 
the change of electric moment vibrates perpendicular to the axis of symme- 
try, giving rise to a “perpendicular” band. 

In this investigation, the spectra of CH;Cl, CH;Br, and CHsl, in vapor 
form, were studied in the region from 1.5u to 3u. Strong bands were found at 
the 1.6u and 2.3u regions. The fine structure of the 1.6u region was resolved 
in the second order but not in the first. The fine structure of the bands of the 
2.3u region was resolved in the first order spectra. The bands in these two 
regions bear much resemblance to those reported by Bennett and Meyer, and 
the general method used by them in classifying their bands was used in this 
work. 


EXPERIMENTAL PROCEDURE 


The apparatus used and procedure followed have been described in a 
previous paper.* The pressures of the gases in the absorption cell are 70 cm 
Hg for CH;Cl, 5 cm for CH;Br and 20 cm for CH3I. Chemically pure methyl 
iodide and methy] chloride were furnished by the Eastman Kodak Company. 
The methyl! chloride was furnished by the Matheson Company of North 
Bergen, N.J. Comparison of the spectra obtained with the possible impurities 
named in the previous paper showed that the bands were due to the com- 
pounds themselves. 

RESULTS 


Bennet and Meyer! found seven series of bands between 3.3u and 15y. 
They classified them, according to their theory, as parallel and perpendicular 
bands, and lettered them from A to G. These seven series appeared to con- 
verge to the methane bands at 7.7, 3.34, and to the hypothetical methane 
band at 6.6u of Dennison’s theory,‘ in going from compound to compound of 
halogens of decreasing atomic weight. Variations were found in the frequency 
intervals of the Q branches in the perpendicular bands in going from series to 
series which indicated perturbations between the rotation and vibration. 
However, the doublet separation, the frequency difference between the maxi- 
ma of the P and R branches remained quite constant for the same compounds, 
in going from series to series. No explanation was given for this phenomenon. 

In this investigation seven bands were found in the region from 1.5u to 
2.5u. These were lettered from H to N. 


THE INDIVIDUAL SERIES 


H Series. Parallel Type. The frequencies of the maxima of the P and R 
branches, and the doublet spacing, that is, the spacing of these maxima, are 
shown in Table VIII. These bands are not shown in the diagrams. The 
band is a deep double band in all three compounds. The wave-lengths de- 


3 Moorhead, Phys. Rev. 39, 83 (1932). 
* Dennison, Astrophys. Jour. 62, 84 (1925). 
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crease rapidly with decreasing atomic weight of the halogen atom and the 
bands appear to converge to one of the methane bands in the 2.31, region. 
Accurate readings were difficult because of a region of atmospheric water 
vapor bands. 

I and J Series. Perpendicular Type. The wave-lengths of the lines of these 
bands are given in Tables I, III, and V. The curves are shown in Fig. 2. These 
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Fig. 2. Left J-Band. Right J-Band. 


bands are clearly separated in the iodide, but converge more and more closely 
toward each other in passing to halides of smaller atomic weight. In this con- 
vergence, the wave-lengths of the J band decrease, while those of the J band 
increase. These bands converge to one or two of the methane bands in the 2.2 
uw region. Part of the fine structure is very uniform and distinct in the iodide 
and bromide, but in the chloride it is confused because of the overlapping of 
the two bands. In parts of the iodide and bromide bands, every third line is 
deeper than the other two. This characteristic was noted by Bennett and 
Meyer in some of the bands investigated by them. No simple explanation of 
this appears possible. In all the compounds the J band appears to be stronger 
than the J band. 
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K and L Series. Parallel Type. M Series. Perpendicular Type. The wave- 
lengths of the lines are given in Tables II, IV, and VI. The maxima of the 
envelopes and doublet spacing of the parallel bands are shown in Table VIII. 
The frequency differences of the Q branches of the M band are shown in Table 
IX. Fig. 3. shows the second order spectra of these bands. These three series 
form a deep band region. The intensities, wave-lengths, and general appear- 
ance of the bands are similar for all three compounds, and they also bear 


TaBLe I. Methyl chloride 2.34 band region. 








Spectrometer Wave-Length Frequency Spectrometer Wave-Length Frequency 








Setting m cm"! Setting m cm7! 

24.31 2.2212 4502.0 25.12 2.2936 4360.0 
.36 2.2253 4493.8 .17 2.2983 4351.0 
41 2.2297 4484.9 215 2.3022 4343.6 
24.455 2.2337 4476.9 .235 2.3040 4340.3 
-505 2.2382 4467.8 Be | 2.3070 4334.6 
-555 2.2427 4458.9 325 2.3120 4325.3 
61 2.2478 4448.8 .35 2.3142 4321.1 
.66 2.2522 4440.1 .385 2.3175 4315.0 
.68 2.2541 4436.4 -445 2.3230 4304.8 
.745 2.2600 4424.8 .555 2.3330 4286.3 
81 2.2658 4413.5 25.585 2.3356 4281.6 
.90 2.2740 4397.5 .67 2.3432 4267 .6 
.945 2.2782 4389.4 26.685 2.4340 4108.5 
.995 2.2827 4380.8 .905 2.4537 4075.6 
27.035 2.4653 4056.2 

27.16 2.4768 4037.5 











TABLE II. Methyl chloride 1.6u band region, second order. 














Spectrometer Wave- Frequency Frequency | Spectrometer Wave- Frequency 
Setting Length cm7! Difference Setting Length cm7 
m cm"! m 

35.89 1.6248 6154.6 10.2 37.12 1.6785 5958 
.95 1.6275 6144.4 ‘i. Pe 1.6834 5940 
36.01 1.6304 6133.4 9.6 .30 1.6865 5930 
.07 1.6329 6123.8 ‘3.2 34 1.6882 5924 
85 1.6365 6110.6 19.8 44 1.6926 5908 
aa 1.6391 6100.8 15.4 54 1.6969 5893 
.305 1.6432 6085.4 10.4 .62 1.7004 5881 
.37 1.6461 6075.0 12.8 .68 1.7030 5872 
45 1.6495 6062.2 .78 1.7074 5857 
.62 1.6565 6037. .90 1.7127 5839 
.84 1.6661 6002. 38.06 1.7197 5815 
.97 1.6721 5980. .18 1.7249 5797 
.26 1.7285 5785 











much resemblance to the £, F, and G group of bands described by Bennett 
and Meyer. The K and L series are parallel bands superposed on the wise 
absorption region which is supposed to be a single series, Series /. In the case 
of the iodide, the K band appears to have P and R branches but no Q branch. 
In the bromide and chloride, the K bands appear to have P, Q, and R 
branches, although they are so masked by the fine structure of the .V/ series 
that the maxima of the envelopes cannot be determined. In each of the com- 
pounds, the L series stands out prominently from the background of the M@ 
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TABLE IIT. Methyl bromide 2.3 band region. 















































Spectrometer Wave- Frequency |Spectrometer Wave- Frequency 
setting length Frequency difference setting length Frequency difference 
m cm cm Mb cm cm"! 
24.00 2.1930 4560.0 25.12 2.2937 4359.8 10.3 
.145 2.2060 4533.1 .18 2.2991 4349.5 10.1 
.16 2.2072 4530.6 24 2.3045 4339.4 
ae 2.2127 4519.3 6.3 24.285 2.3083 4332.2 7.2 
.255 2.2158 4513.0 7.5 .34 2.3134 4322.6 9.6 
.295 2.2195 4505.5 8.1 .39 2.3180 4314.1 8.5 
.34 2.2235 4497.4 8.1 -45 2.3233 4304.2 9.9 
.385 2.2275 4489.3 10.6 .50 2.3280 4295.5 
24.445 2.2328 4478.7 -615 2.3383 4276.6 
me) +) 2.2392 4465.9 aa 2.3478 4259.3 
.56 2.2432 4457.9 .825 2.3570 4242.7 
.61 2.2477 4449.0 .97 2.3702 4219.0 
-66 2.2522 4440.1 26.10 2.3818 4198.6 
.705 2.2563 4432.0 .23 2.3935 4178.0 
.765 2.2618 4421.3 .33 2.4025 4162.3 
.82 2.2666 4411.9 9.2 -42 2.4105 4148.5 
.87 2.2713 4402.7 7.7 -49 2.4167 4138.0 
.915 2.2753 4395.0 8.4 27.30 2.4894 4017.0 
.965 2.2797 4386.6 9.8 27.46 2.5046 3992.8 
25.02 2.2848 4376.8 9.2 27.85 2.5384 3939.5 
.075 2.2896 4367 .6 7.8 28.20 2.5697 3891.5 
TABLE IV. Methyl bromide 1.6u band, second order. 
Spectrometer Wave- Frequency |Spectrometer Wave- Frequency 
setting length Frequency difference setting length Frequency difference 
Ke cm} cm7 m cm cm! 
35.985 1.6291 6138.2 37.10 1.6777 5960.4 9.2 
36.05 1.6320 6127.4 .16 1.6803 5951.2 9.4 
.10 1.6343 6118.8 .22 1.6830 5941.8 10. 
185 1.6380 6105.0 .285 1.6858 5931.8 
255 1.6410 6093.8 .47 1.6939 5903. 
-45 1.6496 6062.0 -56 1.6978 5890. 
-595 1.6559 6039.0 -65 1.7018 5876. 
36.965 1.6720 5980.8 11.4 -76 1.7065 5860. 
37.04 1.6752 5969.4 9.0 37.84 1.7102 5847. 
TABLE V. Methyl iodide 2.3u band. 
Spectrometer Wave- Frequency |Spectrometer Wave- Frequency 
setting length Frequency difference setting length Frequency difference 
Bu cm7! cm7! Me cm7! cm"! 
24.20 2.2108 4523.2 25.21 2.3017 4344.6 8.5 
.27 2.2172 4510.2 8.9 .26 2.3062 4336.1 9. 
.32 2.2216 4501.3 9.3 31 2.3110 4327.1 9.7 
.37 2.2262 4492.0 10.7 -365 2.3162 4317.4 9.9 
.43 2.2315 4481.3 12.6 -43 2.3215 4307.5 8.5 
50 2.2378 4468.7 10. -48 2.3261 4299.0 9.9 
-555 2.2428 4458.7 -54 2.3315 4289.1 8.3 
-63 2.2497 4444.5 25.59 2.3360 4280.8 10.1 
-66 2.2522 4440.1 65 2.3415 4270.7 8.7 
.70 2.2558 4433.0 .705 2.3463 4262.0 9.1 
81 2.2658 4413.5 -76 2.3513 4252.9 8.8 
.87 2.2712 4402.9 -815 2.3562 4244.1 
.94 2.2775 4390.8 .89 2.3632 4231.5 
25.005 2.2832 4379.8 7.8 .94 2.3675 4223.9 
-05 2.2873 4372.0 9. 26.01 2.3740 4212.3 
.10 2.2920 4363.0 8.9 .055 2.3778 4205.6 
155 2.2967 4354.1 9.5 27.78 2.5322 3949.0 
27.95 2.5475 3925.4 
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series, exhibiting P and R branches and the very definite absence of a Q 
branch. The series is a wide region of absorption. The band centers could 
not be determined, due to the presence of the K and L bands. Where sections 
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TABLE VI. Methyl iodide 1.6u band, second order. 











Spectrometer Wave- Frequency |Spectrometer Wave- Frequency 
setting length Frequency difference setting length Frequency difference 
m cm cm! B cm cm= 
35.95 1.6275 6144.2 9.8 37.095 1.6775 5961.2 7.6 
36.005 1.6301 6134.4 9.2 145 1.6796 5953.6 12.6 
.06 1.6326 6125.2 14.6 .225 1.6832 5941.0 9.2 
15 1.6365 6110.6 9.8 285 1.6858 5931.8 9.8 
21 1.6391 6100.8 12.2 35 1.6886 5922.0 
285 1.6424 6088 .6 .46 1.6934 5905. 
-42 1.6482 6067.0 55 1.6973 5892. 
55 1.6539 6046.4 .61 1.7000 5882. 
.74 1.6621 6016.2 .66 1.7021 5875. 
84 1.6665 6000.6 10.8 .72 1.7048 5865. 
91 1.6695 5989.8 10. .79 1.7079 5855. 
.975 1.6724 5979.8 11. -86 1.7110 5845. 
37.045 1.6753 5968.8 7.6 -94 1.7145 5833. 

















794 


JOHN G. MOORHEAD 


of sufficient regularity could be picked out, the frequency differences of the 
Q branches were computed. 


TaBLe VII. Band centers 1.6u region, first order. 





Spectrometer Wave-Length Frequency Series 
Setting m cm 








Methyl! Chloride 


15.80 1.4500 6896. N 
18.09 1.6582 6031.) L 
18.19 1.6673 5998. 
18.55 1.7000 5882. K 
Methyl Bromide 
15.85 1.4543 6876. N 
18.00 1.6500 6061.) L 
18.08 1.6572 6034. f : 
18.52 1.6970 5893. K 
Methyl Iodide 
16.03 1.4706 6806. N 
17.97 1.6472 6071.) L 
18.05 1.6545 6044. f 
1 


18.55 . 7000 5882. K 











Taste VIII. Maxima of the envelopes of the branches, parallel bands. Observed frequencies. 














Series P Branch R Branch Doublet Spacing 
Series H 
CH;Cl 4037. cm™ 4065. cm7 28 cm™! 
CH;Br 3993. 4017. 24 
CHI 3925. 3949. 24 
Series K (second order) Approximate centers 
CH;Cl 5880. cm 
CH;Br 5890. 
CH,I 5900. 
Series L (second order) 
CH;Cl 6002. em 6037. cm7 35 cm7 
CH;Br 6036. 6062. 26 
CH;I 6046. 6067. 21 
First order 
CH;Cl 5998. 6031. 33 
CH;Br 6034. 6061. 25 
CH,l 6044. 6071. (App) 27 (App) 
Doublet Spacing (Bennett and Meyer) 

Series CH;F CH;Cl CH;Br CH;I 
A 43 cm™ 35 cm cm"! cm"! 
C -— 28 25 23 
E 44 23 23 21 
F _- 28 23 21 











N Series. This band was found to be very weak in all the compounds 
studied. Repeated observations were taken and the band was proved to be 
genuine, but nothing could be learned about its type. This band probably 
converges to the 1.374 band of methane. No curves are shown of this band. 
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COMPARISON BETWEEN THE SERIES 


Table VIII gives the doublet separation of the parallel bands measured by 
the author, and also the doublet separations of the bands measured by Ben- 
nett and Meyer. This doublet separation remains nearly constant with the 
same compound for different series. Part of the variation is due to the errors 
of observation. The doublet spacing in general increased with the decrease 
in atomic weight of the halogen in the compound. The doublet spacings of 
the bands studied in this investigation agree well with the results given by 
Bennett and Meyer. 

Table IX shows the frequency difference for the bands in the different 
perpendicular series. In most cases, only short sections were available so that 
the accuracy possible is not high. With this limitation in mind, it is seen that 
the frequency difference of the three bands measured does not vary much 


TABLE IX, Average frequency intervals between lines perpendicular type (methyl halides). 




















Moorhead Bennett and Meyer 
Series J Series J Series M Series B Series D Series G 
cm cm"! cm" cm! cm! cm! 
CH;F _ — — 5.65 11.5 7.5 
CH;Cl —- — 11.55 6.95 12. 8.2 
CH;Br 9.0 8.1 9.8 7.42 11.9 9.0 
CH;I 9.5 10.3 10.3 7.70 11.8 9.0 

















from band to band, or from compound to compound in the same band. Ac- 
cording to the simple theory, the frequency difference depends upon the 
moment of inertia, C, and this should be the same for all compounds in the 
same series, unless there is a finite displacement of the hydrogen atoms in the 
molecule. It is seen in Table IX that this variation of the frequency differ- 
ences is greater in the series investigated by Bennett and Meyer than in the 
series investigated by the author. 

I am indebted to the Department of Physics of Northwestern University 
for the facilities to carry on this work and to Professor B. J. Spence under 
whose direction the work was performed. 
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ABSORPTION AND RESONANCE OF THE HELIUM 
. INFRARED LINES 


By M. R. WEHR 
RANDAL MorGAN LABORATORY OF Puysics, UNIVERSITY OF PENNSYLVANIA 


(Received January 18, 1932) 


ABSTRACT 


The absorption of helium excited at low voltages for its own lines, the 2°S—23P 
at 10830A and the 2'S—2!P at 20582A, is determined. The percentage absorption of 
the 25S —2°P line increases when either the exciting current or the pressure in the ab- 
sorbing tube is increased, and also when either the current or the pressure in the 
source tube is decreased. When the light to be absorbed is taken end on from a 
Geissler tube source, the percentage absorption is much less than when the light is 
taken off at right angles to the capillary. The changes with source tube conditions are 
ascribed to the corresponding variations of the shape and width of the emission line. 
Observable absorption begins when the exciting voltage is 25 volts. No absorption is 
detected at 19.8 volts, the excitation potential of the 2°S state. The 10830A line shows 
strong resonance which is directly proportional to the percentage absorption. The 
absorption for the 20582A line is very small. It shows no detectable resonance. 


INTRODUCTION 


HE only radiations which helium atoms in the normal or unexcited state 

can absorb lie in the far ultraviolet corresponding to the removal of the 
electron directly from the 1S level of the atom. The absorption of unexcited 
helium! for its own radiation has been investigated. The absorption of helium 
when in the excited state, i.e., after the electron has been lifted from the 1S 
level, has also been studied. The radiations involved here lie in the visible? *4 
and infrared’ regions. In all previous studies of the excited gas, the excitation 
has been secured by maintaining a high voltage discharge through it at 1000 
volts or more. 

Critical potential measurements have shown that the helium atom can be 
put into its first higher energy state by bombardment with electrons which 
have fallen through a potential difference of 19.77 volts. Specifically, the ex- 
citation function®”? of the 11S—2%S state of helium shows that at a few tenths 
of a volt above this critical value, a number of atoms are already in the 28S 
state. In the investigation reported here, the absorption and resonance of 
helium for its own infrared lines, the 2°S—2°P at 10830A and the 2'S-2!'P at 
20582A, is measured while the excitation is maintained by a low voltage dis- 
charge. The potentials employed are close to the ionization potential. The 
infrared lines are particularly suitable for this work because: first, these lines 


1 Weatherby and Wolf, Phys. Rev. 29, 135 (1927). 

2 McCurdy, Phil. Mag. 2, 529 (1926). 

3 Takamine and Suga, Phil. Mag. 5, 141 (1928). 

4 McLennan, Ruedy, and Allin, Proc. Roy. Soc. Can. 22 Sect. 3, 273 (1928). 
6 Paschen, Ann. d. Physik 45, 625 (1914). 

6 Dymond, Proc. Roy. Soc. 107, 291 (1924). 

7 Glockler, Phys. Rev. 33, 175 (1929). 
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are by far the strongest in the spectrum; second, they are easily isolated by 
means of filters, thus avoiding the use of a spectrometer and consequent light 
loss; and third, previous work shows that they are highly absorbed. 


APPARATUS 


The general arrangement of apparatus is shown in Fig. 1. The absorption 
tube A is of Pyrex and has plane windows at the ends. The field-free anode is 
a rectangular nickel box 9.6 cm long and 1.5 cm by 1.5 cm in cross section. 
Each end face has a slit 0.4 cm wide and 1 cm high in its center. The light to 
be absorbed passes through these slits lengthwise along the box. The gas in- 
side the anode can be illuminated at right angles to its length through the 
nickel gauze which forms the one side. The bottom is also of gauze, and is 
insulated from the box so that the currents to each can be read separately 
when desired. The oxide-coated, equipotential cathode is a cylinder 11 cm 
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Fig. 1. Arrangement of apparatus. This diagram is not drawn to scale. The source S; and 
mirror M], are actually mounted at the same height as the center of the anode. 


long, and is made of nickel tubing which has a 1.5 mil wall and is 80 mils in 
diameter. The cathode is heated internally by a 15 mil tungsten wire con- 
tained in a thin walled quartz tube. The coating material is prepared by mix- 
ing equal parts by weight of SrCO; and BaCQ; in a little water. The cathode 
is 3 mm below the anode. Two strips of mica placed above the cathode and 
parallel to it, limit practically all of the excitation of the gas within the anode 
to the region in line with the slits. The tungsten leads are brought in through 
the stopper which is waxed in one end. 

The sources, S; for the absorption measurements and SS; for the resonance 
measurements, are Pyrex Geissler tubes which have an inside diameter of 
3 mm. The capillary of the former is 5.5 cm long, and of the latter, 10 cm. 
The electrodes are of thin sheet molybdenum. This metal is more satisfac- 
tory than aluminum because of the ease with which it can be degassed. S; 
is mounted vertically, and S; horizontally. The large concave spherical mir- 
ror Mz images S: along the line of the anode slits. The cylindrical mirror i, 
reflects in the direction of the absorbing column the light coming from the 
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back and sides of S;, and thus increases the effective source intensity. By 
putting a mirror in the place of S,, light taken end on from S: can be used for 
absorption measurements. 

Two 350 volt airplane radio generators connected in series drive the 
sources. In order to have the light from S, of sufficiently constant intensity 
over the period of a reading, it is necessary that the voltage shall not vary 
by more than 1 part in 10000. Storage batteries floated across the generators 
maintain the necessary constancy. 

The filter’ for the isolation of the 10830A line consists of two Wratten and 
Wainwright gelatines, F29 and H45, mounted in B glass, and a 1 cm water 
cell. The filters form the sides of the cell. A sheet of biotite®'° 0.19 mm thick 
serves to isolate the 20582A line. The transmission curves of these filters were 
obtained with an infrared, spectrometer and were found to agree with those 
given in the reference articles. 

In the early stages of the work, an intensity measuring system which con- 
sisted of a Thalofide cell placed in one arm of a Wheatstone bridge" was em- 
ployed. This arrangement is highly sensitive to light in the region lu. Un- 
fortunately, the resistance changes of the Thalofide cells available for this 
work were not directly proportional to light intensity and there was no con- 
stant relation between these quantities. The cells also had a troublesome time 
lag. 

The measuring instrument used in the final arrangement is a Burt com- 
pensated junction, vacuum thermocouple. A Leeds and Northrup HS gal- 
vanometer which has a resistance of 14 ohms is connected to the thermocou- 
ple. The resistance of the thermocouple is 35 ohms which is just slightly 
higher than the critical external damping resistance of the galvanometer. The 
actual distance from galvanometer to scale is 525 cm, but the effective dis- 
tance is made twice as great by allowing the light beam reflected from the 
galvanometer mirror to fall on a stationary mirror outside the case from which 
it is reflected back to the galvanometer and from there to the scale. The scale 
can easily be read to 0.5 mm. A test of the galvanometer response shows that 
the deflections over the range of the scale, 50 cm, are directly proportional to 
the e.m.f. applied. The drift due to changes in room temperature is negligible 
—about 1 mm per hour. 

PROCEDURE 


The system is evacuated in the usual way. The charcoal traps are heated 
at 350°C for a number of hours, and the metal parts degassed with an induc- 
tion heater. When the pressure remains at less than 10-* mm with the heaters 
on, the pumps are cut off, and the traps immersed in liquid air. About an hour 
later, helium which has been over charcoal at liquid air temperature, is al- 
lowed to flow into the system slowly. The purity of the gas is tested by ob- 
serving the spectrum in both the source and absorption tubes when run at 
currents several times higher than the maxima used during observations. In 

§ Paschen, Ann. d. Physik 43, 858 (1914). 

® Konigsberger, Ann. d. Physik 61, 687 (1897). 


10 Ignatieff, Ann. d. Physik 43, 1117 (1914). 
1! Barnes and Fulweiler, Phys. Rev. 32, 618 (1928). 
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order to maintain the purity of the gas, the traps attached to the tubes are 
kept immersed in liquid air. The cathode is activated by heating, and by bom- 
bardment with helium ions. 

The method of taking absorption readings is as follows: shutters By and 
B; (Fig. 1) are closed, and B, is open; S; is running; and the cathode is at 
working temperature. The galvanometer deflection upon opening Bz is Jj, 
the intensity of the source. Be is then closed and the gas in A excited by ap- 
plying a voltage between the cathode and anode. The deflection when By is 
then opened is Je, the intensity of the transmitted light. The percentage ab- 
sorption is 100(J;—J2)/J:. 

The following is the method of taking the resonance readings: B, is open 
and B, and B; are closed; and the absorption tube and S: are operating. The 
deflection when B; is opened is the resonance reading. 


RESULTS 


The curves in Fig. 2 show the variation of the percentage absorption for 
the 2°S—23P line when the conditions in S; are varied and those in A re- 
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Fig. 2. Absorption 10830A line as a function of source tube conditions. The anode voltage 
is 29 volts. J4 is the anode box current, P, the absorption tube pressure, and Js the current in 
the source tube (vertical one used). 


main fixed. In general, the percentage absorption increases when either the 
pressure or the current in the source decreases. Similar groups of curves, 
which are not given here, obtained with other sets of source and absorption 
tube conditions, show the same effect. It is obvious that if one is to get com- 
parable results for changes in absorbing tube conditions, then the source 
conditions must remain fixed throughout. The results obtained will depend, 
of course, on the particular set of fixed conditions chosen for the source. 

Fig. 3 depicts the variation of the percentage absorption for the 10830A 
line when the pressure and current in A are varied. The current to the box 
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is taken as the abscissa because that current is the one principally responsible 
for exciting the atoms in the path of the source light. The curves are flatter 
if the total current is used. The dotted line curve is obtained when the light 
to be absorbed is taken end on from S:. This and other curves obtained in 
the same way show that the absorption is always considerably less then 
than when light is taken from the vertical capillary of S;. 

The intensity of the 2'S—2'P line emitted by the source is so small that 
absorption measurements can not be made with reasonable accuracy. The 
indications are, however, that the absorption for this line is small. 

The resonance curves for the 10830A line are not shown here. In every 
case the readings are directly proportional to the percentage absorption, and 
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Fig. 3. Absorption of 10830A line as a function of absorption tube conditions. The anode 
voltage is 29 volts, the source tube current 7.5 milliamperes, and the source tube pressure 
6.10 mm. The full line curves are obtained with the vertical capillary source, and the dotted 
curve with the end on source. 


the plot of them can be made to coincide with the corresponding absorption 
curve by choosing the proper ordinate scale. The largest resonance deflection 
is 8cm. The 20582A line shows no resonance. 

There is no appreciable variation of absorption with voltage within the 
range of 25 to 30 volts. The voltage in the range 17 to 22 volts is varied in 0.1 
volt steps. If there is any absorption within that range, it is less than 0.1 
percent, the smallest detectable amount. 

No change of absorption is noticeable when the light from S; is polarized 
and its plane rotated. Such a change might be expected from impact polar- 
ization of the atoms in A resulting from collisions with the unidirectional 
electron stream from the cathode. Some of the desiderata in observing im- 
pact polarization are low gas pressures, and at times also, low excitation 
voltages. To determine polarization under such conditions by the usual 
methods is difficult because of the low intensities of the emission lines. Ab- 
sorption measurements with polarized light may be a helpful and more 
powerful tool in such cases, since then the smallest detectable change will 
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depend on the intensity of the source and this can be varied at will. The 
failure to notice any change in absorption in this work may have been caused 
by insufficient uniformity of the electron stream, and by the presence of an 
undetermined magnetic field due to the cathode heating current, the earth’s 
field, and nearby iron pipes. This problem of absorption of polarized light 
will be investigated in the near future with more appropriately designed 
apparatus. 

For fixed conditions in the source and absorption tubes, the percentage 
absorptions obtained in a series of readings check to within 0.4 percent ab- 
sorption when the galvanometer deflections range from 10 to 40 cm, which is 
the case at the higher pressures and currents in S;. In most cases the elapsed 
time between the first and check determinations is several days. The errors 
increase of course as the galvanometer deflections decrease. When the source 
current is equal to or less than 5 milliamperes and the pressure in S; is less 
than 2 mm, the largest difference between the values obtained with fixed 
conditions for the percentage absorption is 2 percent absorption. 


INTERPRETATION OF RESULTS 


The low percentage absorption obtained when taking light end on from 
S2 can be explained on the basis of the intensity distribution in the emitted 
line. Some light in the central portion of the line emitted by the atoms in the 
capillary of S,, DE, is absorbed by the less strongly excited atoms in the wide 
portion of the tube, DC. This will not occur in the case of S, because the 
light from it is taken off at right angles to the capillary. Therefore, the line 
from S2 will have a larger percentage of its energy in the wings of the fre- 
quency-energy distribution curve than will the one from S,, but conversely 
for the central portions. The emission line from the absorption tube A is 
narrower than that from either of the source tubes because both the tempera- 
ture and pressure are lower. Thus, the fraction of the total light from S, 
which can be absorbed in A is less than that for S,. 

The change in percentage absorption at constant source pressure when 
the source tube current is varied is due to the resulting temperature change 
of the excited gas. An increase in current causes a rise in temperature, and 
therefore, the source line becomes correspondingly broader. The percentage 
absorption will then decrease because the energy absorbed in A is a smaller 
fraction of the energy in a wide line than it is of that in a narrow one. 

An increase in pressure also causes a broadening of the line. Thus the 
percentage absorption will also decrease when the current is kept constant 
and the pressure is increased. 

The percentage absorptions represented by the first parts of the curves in 
Fig. 3 are directly proportional to the anode current J,4. After the percentage 
absorption has reached a value of 10 percent, the curves are given approxi- 
mately by the equation A = S log I4+m. S is a constant which is the same 
for all the curves, and m, a constant which is different for each. The greatest 
deviation of this equation from the observed values is about 2 percent ab- 
sorption. This is somewhat larger than the experimental error. 

The author wishes to thank Dr. C. B. Bazzoni for suggesting this prob- 
lem and for his aid and interest in its solution. 
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INTENSITY MEASUREMENTS IN THE ARC SPECTRUM 
OF THALLIUM 


By S. E. WILLiaMs AND J. HERLIHY 
DEPARTMENT OF Puysics, SYDNEY UNIVERSITY, AUSTRALIA 


(Received October 28, 1931) 


ABSTRACT 

Intensity ratios for the doublets of the principal series, 2s —mp,4, 2s — mp, were 
measured by the photographic method, using a Pfund arc with silver poles. For m=4, 
5. 6, 7, the values obtained for a? /as were 4.4, 6.6, 6.0, 5.2, deviating substantially 
from the prediction of the sum rule, and showing the effect discovered by Sambursky 
in the principal series of the alkalies. Separation of results according to are currents 
of 2 amp. and 4 amp. showed no effect due to this factor. For the doublet m=4, the 
ratio obtained with a copper arc was 2.5. The relative intensities of the stronger 
components (2s—mp,:), for values of m=4, 5, 6, 7, 8, were found to be 850, 82, 17.5, 
3.2, and 1, respectively. 


HE investigations of intensities in the doublet series of the alkali arc 

spectra carried out by Sambursky and others have revealed several in- 
teresting properties. It was therefore of interest to examine the doublet spec- 
trum of a metal of the third group. 

Measurements of the ratios for the principal doublets of the thallium arc 
spectrum were first made by O. U. Vonwiller,! at Utrecht, in 1929, but in- 
sufficient data were obtained for comparison with previous work. During 
1930 the examination of the principal series was continued in Sydney. 

The photographic methods introduced by Ornstein, and developed by 
him and his co-workers at Utrecht, were employed with very slight modifi- 
cations, necessitated, in the case of one or two doublets, by the difficulty of 
obtaining suitable photographs. A Hilger spectrograph, of constant deviation 
type, was used with Ilford Special Rapid Panchromatic plates, which were 
found suitable for the whole of the range covered, viz., 6700-4750A. By using 
the varying slit method, twelve exposures to continuous spectra were made 
on each plate in order to provide density marks, the source being a tungsten 
filament lamp previously calibrated by Mr. D. Vermeulen, of the Physical 
Laboratory, Utrecht University. 

Preliminary observations on the second doublet of the series were made 
with a Pfund arc having copper poles. The presence of copper lines almost 
coincident with the components of the fourth doublet, (5109-5136A), made 
other means of producing the spectrum desirable. Attempts to excite the 
spectrum in an electrically heated discharge tube were unsuccessful owing to 
the sublimation of the metal on the walls of the tube. In nickel, monel metal, 
and carbon (cored with the chloride), the lines are so numerous that identifi- 
cation is too difficult to give reasonable certainty that the thallium lines, if 


10. U. Vonwiller, Phys. Rev. 35, 802 (1930). 
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present, are unobscured by a background due to the material forming the 
poles. Spectra were finally obtained by using a Pfund arc with silver poles, 
all desired lines being free of any background. 

At the expense of some loss of intensity, the illumination was so arranged 
that the region of the arc used was variable at will by means of diaphragms, 
light from each point falling uniformly onto the slit of the spectrograph. 

No members of the series beyond the sixth were observed in any photo- 
graphs and measurements could only be made as far as the fifth member 
(4891-4906A). For the doublets in the red and yellow exposures of a few 
seconds were sufficient but with those in the green and blue the intensity is 
so much less that half an hour is necessary. In such exposures the effect of 
continuous spectrum was greatly increased but this was found to be of ad- 
vantage in giv ng more definite corrections for the rough ratios. 

The combined results are given in Table I, the ratio given being that of 
the component of shorter wave-length (2s—mp,,), to that of longer wave- 
length, (2s—mp,). The value a? /a2 is obtained from J,/Jz by multiplying 
by the factor (A2/A1)*, ai, d2, being the amplitudes of the virtual oscillators 
given by the equation J =a’*y*. It will be seen that there is definite evidence 
of a maximum ratio occurring at the third member of the series. This is in 
accord with the observations of Sambursky? on the doublet spectra of the 
alkalies. 

TABLE I. Principal series doublets, 2s —mp,;, 2s—mp. 



































—_ No. of Mean Mean Average Probable* 
= Wave-lengths obs. (11/12) (a;"/a2? error error 
4 6549-6713A 7 4.9 4.4 0.8 0.3 
79 2.8 2.5 0.5 0.2 
5 §528-5583A 19 6.9 6.6 1.0 0.25 
6 5109-5136A 22 6.1 6.0 1.0 0.2 
7 4891-4906A 21 5.25 5.2 0.9 0.2 














7 Copper arc. ' 
* Probable errors calculated with Peter’s approximation formula 


0.8453 =(+v 
PE-=| 845 (+ ) 
n(n —1)"/?, 








Included in the table is the additional value obtained for the second mem- 
ber by use of an arc having copper poles. The difference between the two 
values, 4.4 and 2.5, is very much greater than the error considered possible in 
the mean results and presumably is to be attributed to different conditions 
(temperature, etc.) in the arc with different poles. On the other hand, Von- 
willer obtained 4.5 for the ratio by using copper poles and currents of the 
same order as in this work, a result in good agreement with the value ob- 
tained here with silver poles. 

Measurements were made with two arc currents, namely, 2 amp. and 4 
amp. Table II shows the results obtained for each value of the current. It 
will be seen that the differences are well within the limits of error and it may 
therefore be assumed that absorption has a negligible effect. 


2 S. Sambursky, Zeits. f. Physik 49, 731 (1928). 
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TABLE II, Principal series doublets, 2s—mp,4, 2s —mpy. 








Arc current =2 amp. Arc current =4 amp. 





Wave- 
" ieaath No.of Mean Mean Avg. Prob. |No.of Mean Mean Avg. Prob. 


obs. (J:/I2) (ai?/a2) err. err. | obs. (J:/J2) (a@2/a2) err. _ err. 











4 = 3 4.3 3.9 0.5 0.3 5 5.4 4.9 0.7 0.35 
6713A 

5 5528- 8 7.0 6.7 1.0 0.35} 11 6.9 6.6 1.0 0.25 
5583A 

6 ag il 6.0 5.9 0.8 0.2 il 6.15 6.0 1.0 0.25 
5136 

7 4891- 10 5.2 5.2 1.0 0.3 11 5.3 5.3 0.8 0.2 
4906A 








The average errors are high, but are not entirely due to the inaccuracy of 
measurement. The range of variation in each series of results obtained for the 
four doublets was about 50 percent of the mean value. However, the sets of 
values (about six), obtained from each plate were usually consistent to within 
25 percent, there being noticeable changes from plate to plate. A recalcula- 
tion of the results obtained for one doublet (m = 6), showed that the photom- 
etry was accurate to within less than 10 percent. Apart from errors which 
may be involved in exposure and development, the large variation in results 
is to be attributed to changing conditions in the arc over which there is no 
direct control. 

Since the material was at hand a calculation was made of the relative in- 
tensities of the stronger components of the doublets, (2s—mp,,), from the 
second to the sixth members. Table III shows the results, the ratios given in 
column 4 being those of lines in adjacent doublets. In the fifth column the 


TABLE III. Relative intensities of stronger components, 2s —mpy}. 














- Stes No. of Mean _ Mean Average | Probable | _ Ratio 
obs. I/mIm41 | a2m/atm+i error error a?m/G?mas 
+ 6549A 850 
9 5.25 10.3 2.8 0.8 
5 5528A 82 
13 3.4 4.65 1.0 0.25 
6 5109A 17.5 
17 4.65 5.$ 1.4 0.35 
7 4891A 3.2 
7 2.85 3.2 0.5 0.15 
8 4768A 1 
Weaker components 
6 5136A 
12 3.6 4.3 1.3 0.35 
7 4906A 





























ratios are given in terms of the mean squared amplitudes of the virtual oscil- 
lators. The errors in columns 6 and 7 refer to the numbers in column 5. In the 
last column are given the ratios of the mean squared amplitudes for each line 
to that for \4768A. The logarithms of these last values have been plotted 
against m and are shown in Fig. 1. As with the doublet ratios no appreciable 
variation was found with change of arc current. 
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The mean of twelve observations of the relative intensities of the weaker 


components (2s—mpy), for m =6 and 7 has been used with the data given in 
Table I to provide an extra result for m =6. 
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Fig. 1. 


In conclusion we wish to express our thanks to the Cancer Research De- 
partment of the University of Sydney for the facilities granted in the use of 
the Moll microphotometer and especially to Professor O. U. Vonwiller for his 
help and advice in the carrying out of this work. 
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INTENSITIES IN SINGLET-TRIPLET BANDS OF 
DIATOMIC MOLECULES 


By RoBERT SCHLAPP 
UNIVERSITY OF WISCONSIN 
(Received January 13, 1932) 
ABSTRACT 


Intensity formulae are found for the rotational structure of bands arising from 
transitions between a singlet and a triplet state of a diatomic molecule. These inter- 
combinations occur because the wave functions which diagonalize the orbit-spin 
interaction contain both singlet and triplet terms. In the transition 15 —*2 two cases 
arise, according as the two states have the same or opposite symmetry as regards re- 
flection of the orbital motions in a plane containing the nuclei, a different set of 
branches appearing in either case. A comparison is made with measurements of in- 
tensities in the atmospheric absorption bands of oxygen; the agreement is satisfactory 
on the assumption that these bands are due to dipole transitions from the *=~ ground 
state to a 'S~ state. Formulae are also found for the transitions 'S —4II, 'S—3A when 
the triplet state comes under either of Hund’s cases (a) or (b). 


HEORETICAL investigations of intensities in electronic bands have 

hitherto dealt with transitions between states of the same multiplicity. 
Certain bands are however known from their structure to be due to “inter- 
system” combinations between terms of different multiplicities. In this paper 
only singlet-triplet combinations are considered, since all inter-system bands 
so far described are of this kind. 

The proof of the selection rule for molecular spectra that only terms of 
like multiplicity combine depends on the possibility of separating the wave 
function of any state of the stationary molecule into the product of two fac- 
tors, one depending on the orbital motions, and the other on the electron 
spins. This separation can be made only when the orbit-spin interaction is 
negligibly small; the effect of the interaction will be to modify the wave func- 
tions in such a way as to permit inter-system transitions of small intensity. 
In the analogous case of intercombinations between singlet and triplet terms 
in an atom with two electrons! it is necessary to solve this perturbation prob- 
lem completely before the intensities can be calculated. The molecular prob- 
lem is simpler in that for our purpose the perturbation problem need not be 
completely solved, nor indeed would this be possible without definite know- 
ledge of the complete molecular wave functions. We are here concerned with 
the way in which the intensities depend on the rotation quantum number J 
for a given electronic transition, and not, as in the atomic case, with the 
intensities of different electronic transitions. 

STATIONARY MOLECULE 


Electronic orbital wave functions. The position of an electron with respect 
to the molecule with nuclei held fixed is specified by Cartesian coordinates 


1 W. V. Houston, Phys. Rev. 33, 297 (1929). 
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(Eno) where ¢ is along the axis of figure, or by cylindrical coordinates (pf), 
the azimuth @ about the {-axis being measured from the plane »=0. In 
analogy with the usual theory of the helium atom, the wave functions for a 
molecule with two electrons are, to a first approximation, of the form 


(1)e™*9(2)e22 + p(2)e*®29(1)e**: 
p qg Pp q 


where #, g, are real functions, supposed normalized, which do not involve 
¢; and @2, and Ay, Ae, are the components along the axis of figure of the orbital 
angular momenta J;, l, of the individual electrons. The sum \,+)d.=A is 
equal to 1, 2, - - - for II, A, - - - states, and the upper sign is appropriate for 
singlet states, the lower for triplets. If in virtue of the interaction between 
1, and J, the individual \’s are no longer good quantum numbers, the wave 
function is a linear combination of terms like the above all having the same 
value of A: +A,=A. In these wave functions, which are complex, there is a 
degeneracy associated with the two possible directions of orbital motion, 
corresponding to + ‘A . If A=0 (2 states), this degeneracy no longer exists. 
Since the coefficients of the wave equation are all real, the wave functions for 
~ states are essentially real, and of the form F cos \(¢: —@2) or G sin A(¢, —@2) 
where F, G, are real functions of the coordinates of the electrons other than 
¢:, d2. These two wave functions are respectively even and odd with respect 
to reflection of the orbital motion in the plane »=0 (replacement of @ by 
—q), and represent =* and =~ states. 

Spin functions. For a-singlet the spin function is, in the usual notation, 
(@,,03,— Bs, Pa,)/2'” and for a triplet, $,,Pa,, (D,,83,+ &; &,,)/2'/* or 
3,3, according as the projection = of the total spin S on the axis of figure 
is equal to 1, 0, or —1. The sum A+2 is denoted by Q, and is attached as a 
suffix to the term symbol. 

Orbit-spin interaction. The unperturbed system to which these wave 
functions refer is specified by quantum numbers A, = and S. The energy Jo, 
including the energy of the electrons in the field of the nuclei, their electro- 
static interaction, the coupling of orbits and spins separately to the axis of the 
molecule, and the “exchange” coupling energy of the two spins, is a diagonal 
matrix. We then take as the small perturbation the orbit-spin interaction 
HH, =a,(1,- $1) +@2(12- se), where a;, a2, are real constants, J; the vector with 
components (1); =(h/27i)(m0 - - - /06:—610 - - - /Om) etc. and similarly for 
In, and s;, Ss, are the Pauli spin operators defined as usual.” It is readily verified 
by the properties of the operators J and s that the matrix JJ; involves terms 
for which AA=0, +1, and ‘is diagonal in the quantum number Q. The di- 
agonality in 2 is otherwise obvious since the component of the total angular 
momentum along the axis of figure is a constant of the perturbed as well as 
the unperturbed motion. 

The perturbed wave functions are therefore linear combinations of the 
unperturbed wave functions, all the functions in any combination having 
the same value of 2, and multiplicities 1 or 3. To begin with we shall consider 


2 See, for example, J. H. Van Vleck, Phys. Rev. 33, 467 (1929). 
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the most interesting case '>—*~ of inter-system combinations; the same 
method applies to other cases as well. In terms of the old wave functions 
¥ we have the following new wave functions y’ for the = states: 


W'('Zo) = af(*Zo) + pyle’) + ghZ0) + ry (Io) 
v1) = bY(Z-1) + spCII-1) 
¥'(*X0) = af (*Zo) + A('Zo) (1) 
W821) = dp(*Zi) + wh (hh) 


where a, b, c, d, are constants of order unity, and #, gq, r, s, t, u are constants 
much less than unity if, as we shall suppose, the orbit-spin interaction is 
small. In the wave functions for the triplet states terms in y(*II1) have been 
omitted, as they cannot contribute to the inter-system intensities '>—*2Z, 
The states denoted II_; and ‘II’ have A= —1. 


ROTATING MOLECULE 


To obtain the complete wave functions of the rotating molecule, each of 
the original y’s must be multiplied by a function giving the vibrational 
motion of the nuclei along the line joining them, and by the appropriate 
symmetrical top function involving the quantum numbers J, 2, M, in the 
usual way. As we are concerned with a definite vibrational level of each of the 
two states in question, the vibrational part of the wave function merely in- 
troduces a factor independent of J into the intensities, and may therefore 
be omitted in what follows. The symmetrical top function will be denoted by 
usou(8, w). The Eulerian angles 6, w, specify the orientation of the axes 
(nf) with respect to axes fixed in space, @ being the angle between the {-axis 
and a preferential direction in space, taken as the z-axis, and w giving the 
azimuth of the £-axis about the z-axis, to which it is supposed to remain per- 
pendicular. We do not require the explicit expression of this function; the 
following property may be verified from the definition given by Van Vleck? 


ujsam (3 -_ 6, w + 1) -™ (- 1)Jujs_o (0, w). (2) 


Electric moment. We must now form the matrix elements of the compo- 
nents of the electric moment of the molecule, referred to axes fixed in space, 
and shall work with the z-component, for which AM=0. Denoting the am- 
plitude for a transition from a rotational level J of a state X to a level J’ of 
state Y by (X—Y)(JJ’), we have 


(Xo “a 3y_1)(JJ’) = as('Xo —= 1_1)(JJ’) oa br(*ITo aed 3y_1)(JJ’) 
(Zo — *Zo)(JI’) = at('Zo — Zo)(JI’) + cg(Zo — *Zo) JI’) (3) 
(Bo — 82,)(JJ’) = au(B — y)(JJ’) + dp(*lly’ — 83,)(JJ’). 


If we remember that z=7 sin 6+¢ cos 8, we may write the following explicit 
expressions for the first terms on the right of these equations 
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as fercromemadr f deny sin? @d0dw 
at f vrCEaw Dade f azounyros sin @ cos 0d0dw 


au [ ¥* (Zo) (CM) dr J eosetarin sin? 6d0du: 


where the integration dr is over the positional coordinates of the two electrons 
in the stationary molecule, and includes summation over the spin coordinates. 
The integral over 6 and w is in each case the well-known amplitude factor for 
the symmetrical top. We denote the quotient of each of the above expres- 
sions by the modulus of the corresponding amplitude factor by A, B, C, re- 
spectively, so that A, B, C, are constants whose values depend on the in- 
ternal dynamics of the molecule, and do not concern us, but whose relative 
phases for a given value of AJ are of importance in what follows. 

The phases. Consider first the relation between the coefficients s, ¢, 1, 
defined in equations (1). Since the off-diagonal terms of the energy matrix 
are much smaller than the diagonal terms, the phases of the elements 
a, b,---t, u, of the transformation matrix arising in diagonalising H)>+H, 
are the same as those of the corresponding elements of Hy) +H. Thus a, b,c, d, 
are all real. Remembering that with our choice of wave functions y('II,) 
=y*(II_,) and that ¥(*2,) and y¥(*Z_,) are real, we readily find that the 
matrix elements of H, between (*2,, 'II,) and (*2_;, II_,) are complex con- 
jugates, so that s=u*; also that if the triplet state is *X*+, s is real, while if 
it is °2-, s is imaginary; ¢ is always imaginary, and vanishes if both states 
have the same symmetry as regards reflection of the orbits alone in a plane 
containing the nuclei, i.e., the orbit-spin interaction will combine *2o* with 
1S- but not with '=*. 

If we denote the three integrals over the internal coordinates 7 by /, m, n, 
respectively, we have / =n*, and / is real or imaginary according as the singlet 
state is '~ or '=*+; m is always real. 

In virtue of the integration over the coordinates @, w, and the property 
(2) of the symmetrical top function, A and C will differ by a factor (—1)’*”’; 
the sign of B remains undetermined. Summing up we now have 


A:B:C = sli + tm:(—)Jt'un = sli + tm:(—)Vs*l*. 
We therefore distinguish two cases: 


(i) E+ — 8y- or 'E- — *E+:A = (-)AIC, B £0 


4 
(ii) IZ+ — 8E+ or 'E- — 8E-2A = (—)NHC, B = 0 “) 


where A, B, C, are all real. A similar argument applied to the second terms 
on the right of equations (3) leads to the same result. Since the two transi- 
tions in any line of (3) have the same values of AQ, AJ, AM, they depend on 
J in the same way, so that the form of the result (4) still holds when both 
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transitions are taken into account. In this section on phases we have made 
use of a model of the molecule which is somewhat specialised in that it has 
only two valence electrons. It is however reasonable to suppose that the phase 
relations are much more general than the model which was used to determine 
them. 

The amplitudes. We now have the following scheme for the amplitudes of 
the three transitions }X»)—*S_,, 'X—~—4Zo, '2o—4Z; for Al =0. The factors 
depending on J and .V/ are taken from a paper by Kronig,* and are written 
so that J refers to the *& state. 





AQ= —1} 0 1 





ag=-1 | ALOE BUJ+NQT+DM — CLIOWT+1)N2 
0 | AM/|J(J+1)]!2 0 CM [J(J+1)]!? (5) 
1 | At Houype BLIO(I)}"2 CHOU)" 


where Q(J) =(J?— A") ‘J(2J —1)(2J +1). In this table, which really repre- 
sents two distinct cases (i) and (ii), the constants A, B, C, satisfy the rela- 
tions (4). 


ROTATIONAL UNCOUPLING OF THE SPIN 


In the rotating molecule, the *L state comes under Hund’s case (b), in 


which the coupling between the spin and the axis of figure is negligible com- 
pared with that between the spin and the rotation of the molecule. The 
amplitudes given in the preceding table are not the actual amplitudes, but 
amplitudes for transitions between the 'Y state and a hypothetical *~ state 
belonging to case (a), in which the spin is imagined as being firmly coupled 
to the axis of figure, so that the suffixes —1, 0, 1, in the * state have a mean- 
ing as quantum numbers. To pass from these amplitudes to the actual am- 
plitudes in which the *= state comes under case (b) we must consider the 
influence of the rotation in uncoupling the spin from the axis of figure. 

The method of doing this has been given in a convenient form by Van 
Vleck,? who showed that the effect depends on a Hamiltonian function H, 


where 
H(2;S + 1) = 2B/JV + 1) — AQ + 1)]"s,(2; B + 1) 
H(S;) = f(®) + BIVV + 1) + S(S + 1) — 2 - 38]. 


In these expressions @ is the usual constant h?/87*J, and s, is the 7 component 
of the Pauli operator for the total electron spin. The term f(Z) is the coupling 
energy between the total spin S and the axis of figure of the molecule, and is 
ordinarily proportional to AL. Here however we are interested in the case 
A=0, S=1; for this case Kramers‘ has shown that the interaction of the 
spins of the two electrons is equivalent to a coupling energy proportional to 
(3 cos?x —1) between the spin and the axis of figure, x being the angle be- 
tween them. The matrix elements of this coupling energy are thus of the 


3 R. de L. Kronig, Zeits. f. Physik 45, 458 (1927). 
4H. A. Kramers, Zeits. f. Physik 53, 422 (1929). 
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form a(2s;?—s;?—s,?) where @ is a constant which may be either positive or 
negative. 

We now set up the secular determinant, noting that with our choice of 
y’s the elements of s, are imaginary. Strictly speaking we should calculate 
the matrix elements with respect to the wave functions y’ of the stationary 
molecule, which take into account the orbit-spin interaction; but since the 
latter is small, we may without great error use the unperturbed functions y. 
The secular determinant is 


| JI +1) +r—-w — i[27(J + 1)}'? 0 
| fstype st1)+2-A-w — ifw+1)}" 
| 0 i[27J + 1)]'”2 JJ+1+rA-w 


where \ =a/8, and is therefore large or small according as the state is nearly 
case (a) or case (b); and w= W/. The secular equation may be solved ac- 
curately, the roots being 


w=JJI+1) +A, JI +1) +1—d/2 + [(27 + 1)? + 9072/4 — 3a]. (6) 


If we neglect \ altogether, the roots are J(J—1), J(J+1), (J+1)(J+2). 
These give the rotational levels of the triplet belonging to a given value of J 
in case (b). Since in case (b) the energy is given mainly by w=K(K+1) 
where K is the total angular momentum of the molecule exclusive of spin, 
we see that the three levels are distinguished by having K=J—1, J, J+1, 
respectively (7), 72, 73 terms in Mulliken’s notation). If \ is so small that its 
square is negligible, we obtain for the levels the formulae which were ob- 
tained by Kramers. His unperturbed system consisted of a free rotator and a 
free spin vector, with the coupling between them as the perturbation; only 
those elements of the coupling energy were taken into account which are 
diagonal in K. This is a good approximation so long as the splitting of the 
levels caused by this perturbation is small compared with the rotational 
intervals, which is not always the case in practice. The exact formula (6) is 
not subject to this restriction; the terms in \*, \* - - - may be looked on as 
giving the effect of the off-diagonal terms of the coupling which were neg- 
lected by Kramers. 

In the neighborhood of case (a) A>1, and the roots of the secular equa- 
tion are approximately A, A, —2A; the root — 2A refers to the state *Zo. Since 
the roots of the secular equation do not cross when the parameter \ changes 
from large negative to large positive values, we see that the (a) state *X» 
passes into the (b) state K=J—1 or K=J+1 according as the coupling 
constant @ is positive or negative. The correlation of the states *X,, *2_1, 
which have identical energies, with the two remaining (b) states cannot be 
determined by this argument. But since case (a) states are purely hypothet- 
ical when A =0, the final intensity formulae must be independent of the cor- 
relation adopted between them and the actual (b) states. It is found that in 
oxygen the constant @ is positive; we shall adopt the correlation *Y_,~*Zy, 
3Lom Ty, 2D1~* 241, where we use the notation *Ly_,, *Zy, *Ly4, for the 
(b) states of *S usually denoted 7), 72, T3. 
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For complete uncoupling of the spin (A=0) the transformation matrix 
arising from the secular problem is 


1/21/2 0 1/212 

S=(-[F+/22Q7+0]" i/QF+))  [F+1)/2Q7+1)]" 

[7/2(27 + 1)]*/2 i[(J+1)/(27+1)]/2 — [7 /2(27 + 1)]!? 
The columns refer to the (a) states *2_1, *Xo, *Z; respectively, and the rows 
to the three (b) states *2,, *2y_1, *2y41, in that order, with which we have 
correlated them. Each row may be multiplied by an arbitrary complex con- 
stant, which however does not affect the intensities. Here J refers to the *= 
state. 

To pass from the amplitudes in the hypothetical transitions 'S(a) —*2(a) 
to the actual amplitudes '2(a) —*Z(b) it is necessary, as shown by Hill and 
Van Vleck,' to post-multiply the (a) amplitudes of (5) by S*, so that for ex- 
ample the z-amplitude in the transition '> —*Z, is given by the inner product 
of the appropriate row of the scheme (5) into the first row of §*. This shows 
that the result is independent of the correlation; the quantum number of the 
hypothetical (a) state merely plays the part of an index of summation. 

The following scheme gives the designations of the nine possible branches; 
the letters P, Q, R, are the usual symbols corresponding to AJ =1, 0,—1, 
and the upper left-hand affix gives the value of AK according to the same 











scheme, so that for example #®R means AJ = —1, AK = —2. 
IY —3Ty1 1y—ILy 1S —3 D741 
A(K —J) -1 0 
AJ=-1 =n ER QR 
0 -” 
; |g 2 go 











Instead of writing down the amplitudes, we shall content ourselves with giv- 
ing the total intensities, which are obtained from the amplitudes for A.J =0 
by taking three times the square of the modulus, and summing for all values 
of MJ from —J to J. If we use the relations (4) between A, B, C, we find that 
in cases (i) and (ii) complementary sets of branches appear, whose inten- 
sities, arranged according to the preceding scheme, are as follows. 

Case (i): Singlet and triplet states have opposite symmetry: 


[242+ B2|J(J + 1)/(27 + 1) 0 [24272 + BAT + 1)?]/(2J + 1) 
0 2A2(2J + 1) 0 
(242°7 + 1)2+ B2?]/(2J +1) 0 [242 + BV + 1)/(2J + 1). 
Case (ii): Singlet and triplet states have the same symmetry: 
0 2A*J 0 
24°J + 1) 0 2A 
0 2A*(J + 1) 0. 


5 E. L. Hill and J. H. Van Vleck, Phys. Rev. 32, 250 (1928). 
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The appearance of complementary sets of branches in the two cases (i) and 
(ii) is in agreement with the selection rule that only states of opposite sym- 
metry as regards reflection of nuclei and electrons in the origin can combine 
with each other. If as usual we call the two types of symmetry with respect 
to this reflection “positive” and “negative”, the three component levels of a 
8> state belonging to a given value of K, and having J=K+1, K, K—1, all 
have the same symmetry, and are alternately positive and negative for succes- 
sive values of K. Two possible cases arise, according as the states 'Z, *Z have 
(i) opposite, or (ii) the same symmetry, with regard to reflection in the 
origin, for a given value of K. These two cases are exactly equivalent to the 
two cases (i) and (ii) above, in which we considered symmetry as regards 
reflection of the orbits in a plane through the nuclei, since a 2*+ state may 
alternatively be defined as one which is positive on reflection in the centre 
for even J, and a =~ state as one which is negative for even J. The nine pos- 
sible branches fall into two sets, ?P, ?Q, ®Q, ®R, having AK odd, and ”?P, 
°P, °Q, °R, ®*®R, having AK even, and it is readily seen that the rule exclud- 
ing transitions between states of like symmetry will exclude the first set or 
the second set in cases (i) and (ii) respectively. 


COMPARISON WITH EXPERIMENT 


There are no experimental data for the case in which the singlet and 
triplet states have opposite symmetry. According to one interpretation,® 
the atmospheric absorption bands of oxygen arise in transitions between a 
1>- state and the *2~ ground state of the molecule; four branches are ob- 
served, which are classed as ?P, ?Q, #Q, *R. Reliable measurements of 
intensities are exceedingly difficult to make, but recently Childs and Mecke’ 
have made a determination of intensities in the A bands of the absorption 
spectrum of atmospheric oxygen at room temperatures. The following table 
gives a comparison between the experimental results and those calculated 
above. The notation used by Childs and Mecke for the branches is different 
from that which has been adopted here; in the table both notations are 
given. We may observe in passing that there is no theoretical justification 
for the correlation of the triplet states which we have called *Zy_,, *Zy, 
8Yy41 With *Z_,, 8X, #2, respectively, which is the correlation adopted by 
Childs and Mecke. We have adhered to a more rational correlation, but the 
matter is not of importance, as we have shown above that the final result 
does not depend on the correlation. In the formulae of Childs and Mecke J 
refers to the singlet state; for the sake of comparison the calculated inten- 


*R.S. Mulliken, Phys. Rev. 32, 880 (1928). Mulliken’s interpretation that the bands are 
1y-,—2~, is the usually accepted one. There are difficulties in accounting for the existence of 
the '=~, term in the oxygen molecule, and an alternative suggestion, also due to Mulliken, 
(Reviews of Modern Physics, Jan. 1931, on p. 96) is that the bands are quadrupole transitions 
1y+,—%2~,. Inter-system quadrupole intensities would of course be very weak indeed; the fact 
that we obtain good agreement between experiment and theory if we adopt Mulliken’s first 
interpretation is evidence in its favour. See also, Rev. Mod. Phys. 4, 1 (1932). 


7W. H. J. Childs and R. Mecke, Zeits. f. Physik 68, 344 (1931). 
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sities have been written in terms of this J instead of in terms of the J of the 
triplet state, as was done above. 


Branch | Int. obs. Int. calc. 

Pp P, : (J+2)/2 (J+2)/2 
3Q P; (J+3)/2 J/2 , 
‘0 R, (J+4)/2 (J+1)/2 
RR R; (J—1)/2 (J—1)/2 


The fact that in each branch only alternate lines are present is of course ac- 
counted for by the identity of the two nuclei and the absence of nuclear spin. 

The agreement for the branches ’P and “R is perfect; for ?Q and #Q there 
is a discrepancy. Although the experiments just quoted are the most reliable 
that have so far been made, the actually observed intensities from which 
Childs and Mecke deduce the law of variation with J as given in the third 
column of the table show such considerable fluctuations that it is difficult 
to be certain about their interpretation. 

In either of cases (i) and (ii) it is easily shown that the sum of the in- 
tensities of all lines having a given level J of the ' state in common is pro- 
portional to 2/+1; also the sum of the intensities of all the lines having a 


given value of J in the *L states in common is proportional to 2/+1; this 


value of J will in general occur in all three *S states, and the rule just given 
holds for the sum of the intensities from all levels of the triplet having the 


same J. 
INTENSITIES FOR 'S —‘4II, 'S— 3A 


When the triplet state is a II or a A state, it may come under case (a) or 
case (b), or it may be intermediate between (a) and (b). We consider only 
the extreme cases. Consider first the three transitions 'Y—‘II), 'S—‘Il, 
1\Y —‘II,, where the triplet state is case (a). The amplitude of the first transi- 
tion is a linear combination of the amplitudes 'Y —'D and “II,— ‘IIo, the am- 
plitude of the second is a linear combination of the amplitudes 'S —'II, and 
3yo— Il, while the amplitude of the third transition vanishes. It may easily 
be shown, by consideration of the wave functions, that the amplitudes 
1Y— ‘II, and '>—‘II, differ in phase by a factor 7. The total intensities are 
given by the following table. D and E denote constants. 





Branch | r Q R 
1y — 3], | 2D2J 0 2D*(J+1) 
1y— II, E*(J +1) E*(2J +1) 


E?J 








To pass to the intensities when the “II state comes under case (b) it is neces- 
sary to calculate the uncoupling matrix corresponding to the matrix S used 
above, and apply it to the amplitudes from which the intensities just written 
down were obtained. As before, nine branches are obtained, whose designa- 
tions are given by the scheme (7), and whose intensities, arranged according 
to that scheme, are 
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D-EP(J+)U-)/(234+1) [DV+1)—-EP/J4+1) [DU+1)+47)2(4+2)/(27+1I)4+)) 
EJ + 1)J — 1)/J EX(2J + 1)/J(J + 1) E*J(J + 2)/(J + 1) 

[DJ —E(J+1) (J —1)/J (2 +1) [DJ — E]}*/J [D + E]2U(J + 2)/(2J + 1). 

If the triplet state is *A, case (a), the only component that can combine with 


‘> is *A,. The amplitude is then a linear combination of the amplitudes 'Z 
—'{I, and *II,)—*A;, and the total intensity is, apart from a constant factor. 








Branch P Q 








'y—*A, J+1 2J+1 








The intensities of the nine branches arising when the state is case (b) are 


(J + 2) + 3)/(2J + 1) J-D)I+3A/FS+1) JG -INI—2)/F+D2T+10 
(J+ 2)(J + 3)/J (J —2)(J+3)(2I +1)/J(J +1) (J — 1) — 2)/J + 1) 
(J +1)(J +2)(J + 3)/J(2J +1) (J — 2)J + 3)/J (J — 1)(J — 2)/(2J + 1). 


In all the formulae of this section J refers to the triplet state. To obtain the 
formulae in terms of J’ referring to the singlet state, it is necessary to replace 
J by J’+1, J’, J'’—1, in expressions relating to P, Q, and R branches re- 
spectively. In every case it is readily shown that for a given J or J’ the sum 
of all the intensities is proportional to 27+1 or 2J’ +1. 

It is a pleasure to acknowledge the continued helpful interest of Professor 
J. H. Van Vleck in this work, and to thank Professor Mulliken for the op- 
portunity of discussion. 
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ABSTRACT 


Several specially designed Weston Standard Cells have been constructed and 
subjected to large hydrostatic pressures. The cell cases were made of glass, beeswax, 
or rubber and the e.m.f. measured at pressures from 1 to 12,000 atmospheres. Such 
pressures have the effect of increasing the e.m.f. only by a small percent. 


INTRODUCTION 


HE effect of pressure upon the e.m.f. of a large number of electric cells 

has been studied by Ernst Cohen and his co-workers. Most of this work 
is done at pressures below 1,500 atmospheres. In 1909 E. Cohen and L. R. 
Sinnige! published some articles in which they calculated the change in solu- 
bility of cadmium sulphate from the change in the e.m.f. of the Weston 
Standard Cell as the pressure was varied from 1 to 1000 atmospheres. It is 
the purpose of this investigation to measure the effect of much higher pres- 
sures upon the e.m.f. of this cell. 


APPARATUS AND PROCEDURE 


For this purpose two different types of pressure equipment were used. 
One is a vertical type cylinder with an electrode insulated through the bot- 
tom of the cylinder and the other has a horizontal chamber at the end of the 
pressure cylinder through the end of which an electrode is insulated. These 
cylinders are shown in Figs. 1 and 2. 

The vertical cylinder has an inside diameter of 16 mm and is drawn to 
scale. The pressures are developed by forcing the piston in with a hydraulic 
press. Leakage around the piston B was prevented by means of the close 
fitting rubber stopper £ placed just ahead of it. The applied pressure causes 
it to be forced tightly against the cylinder walls. The pressure in the high 
pressure cylinder was determined by multiplying the pressure in the press 
cylinder by the ratio of the diameter of the two pistons. This pressure is then 
corrected for the friction? of the two pistons. The electrode F is insulated from 


1 Ernst Cohen and L. R. Sinnige, Trans. Faraday Soc. 5, 269 (1909); Zeits. f. physik. 
Chemie 67, 536 (1909). 

2 The packing used in the hydraulic press cylinder is a self-acting leather packing which 
offers a friction of less than 0.5 percent of the total force. Houghton Research Staff, Hydraulic 
Engineering p. 48-49 (1926). The friction of the small piston was determined by means of a 
cylinder having a piston in each end. The friction is then determined by measuring the force 
necessary to move the cylinder on the pistons while under pressure. The corrected values 
checked closely with those obtained by the manganin wire resistance method. 
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the walls of the cylinder by the fiber shell J and from the bottom of the 
cylinder by the mica disc J. For use in this type of pressure apparatus the 
Weston Standard Cell was constructed in the form of a cylinder 12 mm in 
diameter and 40 mm long. One terminal is connected to the electrode F which 
is insulated through the bottom of the apparatus. The other is grounded to 
the piston and thereby to the entire assembly. The cell case P was made of 
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Fig. 1. Pressure cylinder with Weston Standard Cell in place. 


glass or beeswax. The cadmium amalgam Q is connected to the electrode F 
by means of the platinum wire S. The platinum electrode // connects the 
mercury O to the piston. The cadmium sulphate solution R completely fills 
the cell case which is closed by means of a rubber stopper NV. The surrounding 
space in the cylinder is filled with a light paraffin oil. Cells of this type made 
of glass served very well for pressures up to 5000 or 6000 atmospheres. At 
higher pressures glass cells would usually be broken. A number of successful 
measurements were made with cells constructed of beeswax at pressures of 
as high as 8000 atmospheres. 
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At this point in the investigation the other type pressure cylinder Fig. 2 
was used which necessitated the use of a horizontal instead of a vertical cell. 
To meet these requirements a cell case was constructed from 6 mm inside 
diameter rubber tubing P. The two ends of the tube are closed with rubber 
stoppers O each carrying a platinum electrode. The space N contains the 
cadmium amalgam and L contains the mercury. The mercury and amalgam 
are kept separated by means of the two porous porcelain plugs J. The space 
K and the pores of the porcelain are filled with the cadmium sulphate solu- 
tion. One terminal of this cell was connected to the electrode F insulated 
through the end of the cylinder and the other grounded to the cylinder. Read- 
ings were made by means of a potentiometer with the cylinder at 20°C and 
30°C. This cylinder is not equipped with a water jacket for temperature con- 


A 





Fig. 2. Pressure cylinder with Weston Standard Cell in place. 


trol as was the case in later work so that the temperature may have varied 
slightly from these values. In most cases readings were taken as the pressure 
was being increased and again as it was being decreased. The difference 
between the two sets of data thus obtained was usually not more than 0.001 
volt. Five minutes was allowed following a pressure change for the cell to 
come to equilibrium. Typical sets of data are shown in Fig. 3 for 20°C and 
30°C. The values obtained for this cell by Cohen and Sinnige up to 1000 
atmospheres are represented by crosses in the figure. 


DISCUSSION OF RESULTS 


It will be noticed from Fig. 3 that an increase in pressure of 12,000 at- 
mospheres produces an increase of only 0.05 volts which is only about five 
percent of the original value. 

The chemical reaction in the Weston Standard Cell can be represented by 
the following equation. 
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Solid Solid 
Cd+Hg.SO,+ (8/3) H2-0—-CdSO,- (8/3)H,0+2Hg. 


For this reaction to be affected directly by pressure there must be a change 
of volume due to the chemical changes or a difference in compressibility of 
the materials on the two sides of the equation. 

Calculating the change in volume for the passage of one faraday of elec- 
tricity at atmospheric pressure we find that the volume of the materials on 
the left-hand side is 111.78 cm’ (12.99, Cd+50.75, Hg2SO.,+48.03, (8/3) 
H.O = 111.78), whereas the volume on the right-hand side is 112.71 cm® 
(83.09, CdSO, (8/3)H2O0+29.62, 2Hg=112.71). This makes a change in 
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Fig. 3. Effect of pressure upon the e.m.f. of the Weston Standard Cell at 20°C and 30°C. 
Circles values at 20°C. Black dots, values at 30°C. Crosses, values obtained by Cohen and 
Sinnige. 


volume of only 0.93 cm* due to the chemical reaction. Since this is an in- 
crease in volume, its effect when pressure is applied should be to decrease the 
potential. 

If the compressibility of the materials on one side of the chemical equation 
is greater than it is for the materials on the other side, an increase in pressure 
will tend to shift the reaction in the direction of the greater compressibility. 
The compressibility is known for cadmium, mercury and water but not for 
the other constituents so that predictions as to the magnitude or direction 
of this effect is impossible until more data are available. 

The concentration of the saturated cadmium sulphate solution may be 
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effected in two ways by pressure. First, the increase in solubility with pressure 
because the volume of the solution is less than the combined volumes of the 
solute and the solvent, and second, the increase in hydration with pressure 
which in turn increases the solubility. The following hydrates of cadmium 
sulphates are known: CdSO,(1/2)H2sO, CdSO,yl HeO, CdSO,(3/2) HO, 
CdS0O4(8/3) HeO, CdSO,4(5/2) HeO, CdSO, 4H2O, CdSO, 7H2O, and CdSO, 
9H.O. The solubility of the higher hydrates is more than double that of the 
lower hydrates. The effect of pressure upon the concentration of the cadmium 
sulphate is, therefore, probably rather large. 

Another important factor is the polymorphic modifications of the various 
constituents as produced by high pressure. Cadmium exists in three solid 
and one liquid modification, mercury in one solid and one liquid and water 
in five solid and one liquid. Not all of these exist at conditions employed in 
this investigation, however, three for Cd, two for Hg, and two for H2O are 
probably influential in changing the potential. The difference in the values 
for the two temperatures as shown in Fig. 3 is about what would be expected 
if they were produced by the formation of a polymorphic modification of 
some of the constituents. For instance, in the case of water or mercury an in- 
crease of ten degrees in temperature makes it necessary to apply an additional 
pressure of 2000 atmospheres to form the solid modification. 


SUMMARY 


There is, therefore, likely the following factors affecting the potentials of 
this cell. 
1. Increase in volume due to chemical reaction. 
2. Increase solubility with pressure 
(a) due to decrease in volume on dissolving. 
(b) due to increase hydration with pressure. 
3. Difference in compressibility on opposite sides of the chemical equa- 
tion. 
4. Change in physical states due to pressure. 
(a)Cd 3 modifications 
(b)Hg 2 modifications 
(c)H.O 2 modifications 
Since few or no data are available for some of these factors at such high 
pressures no attempt is made to predict the effect. 
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KINETIC INTERPRETATION OF THE KELVIN RELATIONS 


By E. A. UEHLING 
DEPARTMENT OF Puysics, UNIVERSITY OF MICHIGAN 


(Received December 28, 1931) 


ABSTRACT 


The derivation of the Kelvin relations for the reversible heat development and 
the thermo-electric force in crystals is shown to depend only on the assumption of the 
principle of detailed balancing. Previous treatments of this subject have been less 
general. The work of Nordheim is valid only for isotropic materials, and that of Ehren- 
fest and Rutgers, though applicable to crystals, depends on the assumption of elastic 
collisions between the electrons and the atoms of the metal. In both treatments the 
electrons are assumed to be completely free and to be described by an energy function 
which is spherically symmetrical. All of these restricting assumptions are removed. The 
solution of the integral equation describing the distribution function of the electrons 
is obtained by a general method which depends only on the assumption of detailed 
balancing. This principle gives the integral equation an essentially symmetrical kernel, 
as a consequence of which a formal solution may be obtained. One may use this solu- 
tion to derive the electric and heat current equations and to prove certain reciprocal 
relations from which the Kelvin equations follow. The proof of the existence of these 
relations, involving as it does only the assumption of detailed balancing, may be con- 
sidered as a substantiation for the case of conduction in metals of certain very general 
considerations of Onsager. 


§1. INTRODUCTION 


KINETIC derivation of the Kelvin relations for the reversible heat de- 

velopment and the thermo electric-force in metals has been given by 
Nordheim! for isotropic materials and by Ehrenfest and Rutgers? for crys- 
tals. In addition to the principle of detailed balancing which plays an es- 
sential role in all kinetic interpretations the following assumptions have been 
used: (a) Both treatments make use of an energy function which in terms of 
wave numbers or of the electron velocities is spherically symmetrical. This is 
equivalent to the assumption that the electrons are completely free. (b) 
Nordheim makes assumptions that restrict the application of his conclusions 
to isotropic materials. (c) Ehrenfest and Rutgers consider crystals as well as 
isotropic materials, but they introduce the restricting assumption of elastic 
collisions between the electrons and the ions of the crystal lattice. Both 
treatments are entirely general with respect to statistics. 


1 L. Nordheim, Ann. d. Physik, [5], 9, 607 (1931). Zur Elektronentheorie der Metalle. I, II. 

2 P. Ehrenfest und A. J. Rutgers, Proc. Kon. Acad. Amst. 32, 698, 883 (1929). Zur 
Thermodynamik und Kinetik der thermoelektrischen Erscheinungen in Krystallen, insbeson- 
dere des Bridgman-Effektes. II. A. J. Rutgers, Dissertation Leiden, 1930. 

§ Independence of statistics is obtained by using the function: 


fo = g(Ae*/AT) (1) 


to describe the equilibrium distribution of the electron energies. In this equation « is the total 
energy of an electron in a certain cell in momentum space, fo represents the number of electrons 
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The author proposes to show that the restricting assumptions a, b, and c 
are unnecessary, and that a derivation of the current equations and the Kelvin 
relations can be given when one retains only the principle of detailed balancing. 


§2. THE ELECTRIC AND HEAT CURRENT EQUATIONS 


Using the special assumptions described, Nordheim obtains the following 
equations for the electric and heat currents in an isotropic material: 





; , KT 0A eK, OT 
i, = eK eF, — — —)- — — (2) 
A ox T ox 
. KT 0A Ky, oT ; 
vw; = K3 eF , aetna aie eric Ba ples "pie (3) 
A @x T ox 


where F, is the electric field, 07'/0x is the temperature gradient, K is the Boltz- 
mann constant, and A is the coefficient in the distribution function (1). The 
four coefficients, Ki, Ke, K3 and K, are functions of the temperature and the 
coordinates, and they depend, furthermore, upon a function which des- 
cribes the behavior of the electrons in collisions, and upon the choice of sta- 
tistics. Among these coefficients Nordheim finds the important reciprocal re- 
lation 

Ke = Ks. (4) 
The validity of the Kelvin relations is shown to depend upon the existence 
of this condition. 

Ehrenfest and Rutgers, using the special assumptions described, obtain 
the following equations for the electric and heat conduction currents in 
anisotropic crystals: 

, (2) 














q KT 0A 7 eK oT 
(1) rs 
is ¥1X0X3) = CK,, | eF, — — —]|—- — 5 
( _ ” a A @x,J 7 Ox, ( ) 
a KT 0A K “y oT 
(2) é rq 
Wal X1X2X3) = eK, eF, — — -_ Cl 6 


where the appearance of a letter twice as an index in a single term indicates a 
summation for that letter over the numbers 1, 2, and 3. The three coefficients 
are symmetrical tensors which are functions of position and temperature, and 
which depend, furthermore, upon the nature of the function which describes 
electron transitions in collision, and upon the choice of statistics. The recipro- 
cal relation existing between the two current equations is in this case the 


appearance of the same coefficient K{} in both equations. Since it is sym- 
metrical 
(2) (2) ” 
Krp = Ky, . (7) 





in such a cell, T is the absolute temperature, K is the Boltzmann constant, and A is a coefficient 
depending on temperature and position, which is determined by setting the sum of fo over all 
cells of momentum space equal to the total number of electrons. The form of the function g 
depends on the choice of statistics. 
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This condition is essential in the derivation of the Kelvin relations from the 
current equations. 

Assuming only the principle of detailed balancing one obtains the follow- 
ing equations for the electric and heat currents in crystals: 











° ( ) Kk” | F KT 0A | eK," aT (8) 
i,(xyxex3) = eK,, | eF, — —- —- | —- ——- — 
— A @Ox, - Ox; 
KT @A Ko ar 
(3) 4 rq 
Wl X1X2xX3) = Kyq | ef, — — _ ‘ 9 
(amm) = Kel ef, — == | - St (9) 


These equations differ from those of Ehrenfest and Rutgers in the meaning 
of the tensor coefficients and in the existence of four such functions instead 
of three. Unlike the tensors K};’ of Ehrenfest and Rutgers, the coefficients 
K® and = are not, in general, symmetrical in their indices.* Nevertheless, one 
may show that under all conditions the reciprocal relation: 


,(2) , (3) 


K,, = Ke (10) 


exists between these equations. The other two coefficients K{' and K‘} are 
always symmetrical in their indices. These conditions are just sufficient for 
the derivation of the Kelvin relations.5 

Conditions (4), (7) and (10), which have been found to exist in the three 
different treatments of this subject, are special cases of a general class of such 
relations. Onsager,’ who has considered irreversible phenomena in general, 
finds that one may demonstrate the existence of reciprocal relations of this 
kind between any two processes which are not independent if the principle 
of detailed balancing is assumed. The conclusions described above may be 
taken as a substantiation for the case of conduction in metals of these more 
general and rather abstract considerations. 


§3. GENERAL METHOD 


The foundation of these derivations is the well-known Boltzmann equa- 
tion for the distribution function f of the electrons. This equation may be 
written in the form: 


* The explicit form of these tensors which is to be given later shows that they are symmetri- 
cal in their indices only when the function representing the total energy of the electron is 
separable in three terms, each of which depends on a single quantum number and is the same 
function of its argument as each of the other two; i.e., the energy must be of the form: 


e = f(ki) + f(k2) + f(Rs). 


Since it may rarely, if ever, be possible to express the energy for any actual metal in this form, 
the coefficients K,{”) and K,é” of the current equations are not, in general, symmetrical. 

5 Since the current equations have been derived under the single assumption of detailed 
balancing with all restricting assumptions removed, these relations may be considered as the 
necessary and sufficient conditions upon which the validity of the Kelvin relations is based. As 
is to be expected, these conditions are in general weaker than those found by Ehrenfest and 
Rutgers and by Nordheim. 

6 Lars Onsager, Phys. Rev. 37, 405-426 (1931). Reciprocal Relations in Irreversible 
Processes. I. 
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of af 
X, + é, = f i) { w( P’P)f(P’) [1 + Of(P) |dky'dho'dks! 
c Ox, 


og 
_ f i) i) w( PP’) f(P)[1 + of(P’% |dky'dho'dks! 


f, 
where X, is the rth component of the acceleration of an electron, &, is the rth 
component of the mean velocity of drift, w(PP’) is a function describing the 
transition probability of an electron in a cell P of momentum space to a cell 
P’, k, is the quantum wave number in the rth direction of space, and @ has 
the value 1, 0, or —1 depending on whether the choice of statistics is Ein- 
stein-Bose, Maxwell-Boltzmann, or Fermi-Dirac. Introducing the principle 
of detailed balancing: 


fol P) [1 + Ofo( P’) |w( PP’) = fol P’) [1 + Ofo( P) ]w(P’P) (12) 


one obtains a relation between the probabilities of the direct process (P—>P’) 
and the restituting process (P’—P) which for all statistics is given by the 
equation: 


(11) 


w(PP’)et'/KT = w(P’P)e!KT = W(PP’) = W(P'P). (13) 


The new function W(PP’) defined by this equation is obviously symmetrical 
in all of the primed and unprimed variables on which it depends. Since no 
further assumptions have been made, it must be considered as a function of 
all the variables by which a cell in momentum space is specified and, in gen- 
eral, of the coordinates as well. Then it may be written as W(x,xex3kk'ajaea3- 
a;'ao'a3') where x;X2X3 are the coordinates, k the absolute magnitude of the 
wave number, and a,a2,a3 the direction cosines of the electron velocity.? The 
introduction of this function into the Boltzmann equation eliminates the un- 
symmetrical probability function from the equation and gives the foundation 
for the further treatment which is to follow. 
One attempts to solve this equation by writing: 


f=foth (14) 


where f; is a small perturbation term. Introducing Eqs. (13) and (14) into Eq. 
(11), neglecting second order terms, and writing x for x;xex3 and a for a;d2a3 
one obtains: 


dfo ofo ae feof: | , 
X,— + 7" fae W(xkk’ ~CIKT — —— e-KT}) (15 

o— t, — r ob’ W(xkk’aa’) fi hs e (15) 
where dq’ =dk,'dko'dk;’. This equation is to be solved for the unknown per- 


turbation function f;. Various methods of accomplishing this result, which 
are possible when certain restricting assumptions are made, have been used 


sr vr 


7 An essential difference in the three treatments exists at this point. Nordheim, consider- 
ing isotropic materials, writes the probability function as w(x,x2x3kk’@) where @ is the angle 
between the vectors representing k and k’. Ehrenfest and Rutgers, considering crystals but 
assuming that all electron collisions are elastic, write w as w(x,X2X 30; @@2030;'a2'a;3’). 








KELVIN RELATIONS 825 


in the previous theoretical treatments of conduction in metals. When no 
such assumptions are made, a very general method of solution, according to 
which the unknown function is formally expressed in terms of a symmetrical 
solving function S(xkk’aa’) must be used. This method, like all others, de- 
pends essentially on the principle of detailed balancing, but, unlike these 
other methods, it requires no restricting assumptions of any kind. 


§4. FORMAL SOLUTION OF THE INTEGRAL EQUATION; DETERMINATION OF 
THE ELECTRIC AND HEAT CURRENT EQUATIONS 


The left member of the integral equation must be written in terms of 
wave numbers before a solution can be obtained. The foundation of this trans- 
formation is the Peierls theorem® which relates the mean velocity of drift of 
an electron through a crystal lattice to the differential quotient of its total 
energy with respect to the wave number: 


LG 


Fs Pic 
h Ok, 


sr 


(16) 


where L is the length of the crystal, and / is Planck’s constant. Using this 
theorem one obtains for electrons of any degree of binding subjected to an ex- 
ternal electric field of components F,, (r =1, 2, and 3). 





LL 
X, = ef, — (17) 
h ok, 
Of, oh _ fo / a 
—A =i (18) 


0g, z de Ok, 


8 Nordheim, using a method of solution introduced by Lorentz, writes f; as the product of 

two functions: 
fi = k cos 0x(k) = kex(k) 

where & is the absolute magnitude of the wave number, and @ is the angle between the direction 
of the electron velocity and the direction of the potential and temperature gradients. The equa 
tion in f; is reduced in this manner to an equation in x(k) which may be solved by genera! 
methods. The assumption that f,; is a function of this form is easily justified when the funda- 
mental equation is descriptive of processes in isotropic media, but not otherwise, for it is only in 
such materials that the heat and electric currents can be assumed to have the same direction 
as the temperature and potential gradients. Ehrenfest and Rutgers obtain a solution in the 
anisotropic case by writing the perturbation function as 


fi = P,(xv) : G,(xv; @,@203) 


where P,(xv) is the coefficient of a, in the left member of the Boltzmann equation, and the 
functions G,(xv; @;@2a3), where r has the values 1, 2, and 3, are the solutions of the three integral 
equations into which the original one is decomposed. This method of solution is possible only 
when the absolute magnitude of the electron velocity v, or its corresponding wave number , 
is not one of the integration variables. It cannot be used, therefore, when the assumptions of 
Ehrenfest and Rutgers are not made. 

® This theorem has been proved by R. Peierls (Zeits. f. Physik 53, 255 (1929), Zur Theorie 
der galvanomagnetischen Effekte) for nearly free electrons. It is valid, however, for electrons 
of all degrees of binding. A general proof of the theorem has been received from J. R. Oppen- 
heimer in a communication by letter to G. E. Uhlenbeck. 
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d 0 
pe (19) 
df, de 
Also 
0 OfoT KAT OA aT 
fo — he sald piped ——| (20) 
Ox, Oe LA Ox, T Ox, 


for all statistics. Then the left member of the integral equation becomes: 


ra) KT 0A e OT 
oe ee an 
de A Ox, T ox, 
dfo 
= te [Pr(aatass) + €O,(x1.%24'3) | (22) 
€ 
where 
AKT 0A 
P(x1%9%3) = eF, — — — (23) 
A Ox, 
1 oT 
).(x1¥2ex3) = —— — (24) 
slit T Ox, 


and w, is the mean velocity of drift considered as a completely arbitrary func- 
tion of all the quantum numbers. 
Now define a new function g, by means of the equation 


ofo fo” oeixr 
= ——g, = ——e £1. (25) 
hi a AKT ® 


Introducing this function into the integral Eq. (15), using expression (22) 
for the left member, and multiplying both members by &?, one obtains 


fore/KTR2u,| P(x) + €,(x) 


= £1 fe *dk [4 W(xkk’aa’) fofo (26) 


™ [wean f dws’ W(xkk'aa’) gy’ fof’. 
ke , 


w 
The kernel of this integral equation is symmetrical in all primed and un- 
q y I 

primed variables, since W(xkk’aa’) is symmetrical in these variables. Then a 
formal solution containing a symmetrical solving function may be obtained 
directly. This solution is: 

foret!KTk*u,P,(x) — foret/KTk2u,€0,(x) 

H(ka) H(ka) 


foe KTR" u,' P,( x) 
4. Jaw fa P - S(xkk'aa’ 27 
”(H(k’a’) H( ka))*!2 ( ) (27) 


gi(xka) = 
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fo” et /KT k! u,'e'O,( x) 
+ fae f aw S(xkk’aa’) 
(H(k'a’)H(ka))*!? 
= P,(x)G,(xka) + Q,(x)J,(xka) (28) 





where 


foret raed “Uy "et IKT Rl ,! 
G,(xka) = — na -+ fae fav’ MK deodnt. J S(xkk’aa’) (29) 
H(ka) (H(k’a’) H(ka))*!? 


J(xka) = ean > fe al fe al ee = — Sskk ‘aa’) 
= (ka) (H(k’a’) H(ka)) "2 


H(xka) = f k2k dk! f dus’ W(xkk'aa’) fofo’ (31) 





and S(xkk’aa’) is the symmetrical solving function. 

The first order perturbation term f/f; is obtained from this expression for 
gi, and the electron and heat current equations are obtained by introducing 
this expression for f; into the equations: 


_ Ge 
i, = I fff Usf dk dkodks (32) 
G > 
= L fff u ef dk dkodks. (33) 


One obtains: 


0 
h=- &f | Bx)G,(xka) + &,(x)J,(xka) } ( 34) 
€ 
Ge Ge 
i,( 1X23) =— 7 fe PA x)Vn(xk)dk -— rr [ #02) a(x) ae (35) 
G 
W (24.72%) =— p k? P,(x)U,q(xk)dk - ~ f HOAs A Ava(xk)dk (36) 
where 
0 
Tye(xk) = ff aon, Ie (37) 
de 
0 
Aeg(xk) = f aon, = eJ, (38) 
o€ 
0 
Il, ¢( xk) = f dwit, f eG, (39) 
€ 


F) 
A,g(xk) = J dwt g - Dey, (40) 
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and G is the weight attributed to an energy level. These equations are equiv- 
alent to (8) and (9) where 


xk? = —£© [pp -h)dk ) 
a= — 7, rg(a (41) 
, G 

,\2) ° 

Ky, =- “J Hae xidae (42) 

_ =— = fe II, .(xk)dk (43) 


(4) ; 
K, =— -f RA, o(vk)dk. (44) 


Introducing the values of G, and J, from (29) and (30) into the four tensors 
I, A, II and A one finds readily that the coefficients Yay and x are not 
symmetrical in their indices unless the conditions described in note 4 are ful- 
filled. Therefore these coefficients are, in general, unsymmetrical. But the re- 
ciprocal relation 








Ky, = Ky (10) 
does exist, for 
/KT f2 
= = -= fi dk fweu —. 
H(ka) 
G , 
- — [ai fa fave fateh ugu’ (45) 
L3 
) Met! IKT¢! 
= fe S(xkk'aa’) 
de «él 
(3) Soret/KT k? 
Ky, =- <i “dk aw ime —--- 
Saw’ * H(ka) 
_ © fa fu fav fan oR” ptt! (46) 
"ee "IKT¢ 
BB nde S(xkk'aa’). 





(H(k'a’) H(ka))*/2 


Since S(xkk’aa’) and (/(k’a’)H(ka)? are symmetrical in primed and un- 
primed variables, and 


these expressions are equal, for primed and unprimed quantities may be in- 
terchanged in the second term of either expression without changing its value. 
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5. THE KELVIN EQUATIONS 


Following Ehrenfest and Rutgers one may write the current equations in 
the form 





i, = Apel’, + B, (47) 
We = C,geF, + Dg (48) 
where 
An = Ky. (49) 
wKT 8A eKS aT 
B, = — eK, — — —- —— — (50) 
dx, T 9x, 
i~ (51) 
(4) 
KT aA a 2 
(3) rq 
D, = —Kre — — - ——_ —- 52 
. * 4 Ox, T 0x, ( ) 


The Kelvin relations for the reversiqle heat development and the thermo- 
electric force are obtained from these equations and a third equation giving 
the total heat development Q: 


2 = Fi, — 


(53) 





Xp 
One obtains for the reversible part x of the total heat developed the expres- 
sion 
° gs 0 . 
ge -( 40° <--- (ageieC gp) (54) 
e OX» 


and for the thermo-electric force F,: 


B, 
F, = = Qos (55) 
é 


where a,, is a tensor which is the reciprocal of the tensor eK,, and is de- 
fined by the equation: 





bor 
wi * . : (56) 


The coefficients K,,“ and K,,“ unlike the coefficients K,,° and K,,“ are 
always symmetrical. Therefore 

Qos = Aq. (57) 
Introducing the expression for B,, the general reciprocal relation (10), and 


Eq. (57) into Eqs. (54) and (55), one obtains the Kelvin equations: 


x( 41223) _ Ba 
— Duties) (58) 
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» oR ar tia 
', = — — S,, — 5 
OX, ” OX» 
where 
S «(A xc? | ) (60) 
Sie» = —log A — a.-K.» — , 
Pp £ qe 4S gx KT 
KT 
R = — logA. (61) 
€ 


These equations are equivalent to those originally obtained by Lord Kel- 
vin on the basis of thermo-dynamic reasoning. They have now been derived 
kinetically using only the assumption of detailed balancing. The essential role 
of this principle has been to provide the necessary symmetry in the integral 
equation which describes the distribution function of the electrons, on the 
basis of which a solution, also having certain essential symmetry character- 
istics, is possible. These characteristics have served to establish the symmetry 
of the tensor a,, and the existence of important reciprocal relations between 
the current equations. The Kelvin relations depend essentially on these con- 
ditions. 

I wish to express my gratitude to Professor G. E. Uhlenbeck for suggesting 
this problem. 


Note added for correction: The index r of equations (17), (18), and (19) 
is not a dummy index. These developments are not strictly true unless the 
energy is separable in three functions, which may be different, of the three 
quantum numbers individually. 
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THE HALL EFFECT IN SOLID MERCURY 


By James T. SERDUKE AND THOMAs F. FISHER 
Union COLLEGE 
(Received January 13, 1932) 


ABSTRACT 


The Hall effect in solid mercury has been studied by several investigators but 
with uncertain or negative results. The authors have studied the Hall effect in solid 
mercury obtaining the mercury in strips 14 cm long, 2 cm wide and of various thick- 
nesses down to 0.006 cm. The Hall effect is found to be independent of field strength, 
current density and thickness of specimen. The average value of the Hall constant 
R obtained is —0.000784. The longitudinal effect, if present, was not large enough to 
be well measured. 


ARIOUS investigators have studied the Hall effect in mercury, es- 
pecially in the liquid form. In the solid form Fenninger' in 1914 found the 
Hall constant, if present, is not in excess of 0.000011. The scarcity of previ- 
ous work by other investigators on mercury and the uncertainty of the re- 
sults led the present authors to the study of the Hall effect in solid mercury. 


APPARATUS AND PROCEDURE 


The mercury was contained in a mold consisting of two ground plates of 
glass with a mica spacer between them, which was of the thickness desired 
for the mercury strip. Great precaution was taken in selecting mica of good 
quality and splitting it to a uniform thickness. 

In the mica spacer there was cut an opening fourteen centimeters long 
and two centimeters wide, as shown in dotted lines in Fig. 1. On a line at 
right angles to the long axis of the opening were cut narrow slots about one 
half millimeter wide and four millimeters long, leading to holes A, B, C, D in 
the top glass plate. The holes A, B, C, formed the transverse terminals for 
measuring the Hall e.m.f. Holes A and D formed the terminals for measuring 
the longitudinal effect, i.e., the change in resistance due to the magnetic 
field. 

Glass tubes about 0.6 cm in diameter and 10 cm long were mounted in 
the holes mentioned above as well as in similar holes E and F, which latter 
were used as leads for the primary current. The entire assembly was clamped 
onto a thick copper plate between two troughs arranged for holding a mixture 
of ether and solid carbon dioxide. 

Triply distilled mercury was poured into one of the glass tubes. After 
sufficient pressure was built up the mercury flowed into the air space be- 
tween the glass plates, filled every part of the mold and flowed out through 
the narrow contact slots up into the other glass tubes. If both top and bottom 
glass plates were perfectly clean there were no holes in the mercury strip even 


1 W. N,. Fenninger, Phil. Mag. (6) 27, 109 (1914). 
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though very thin mica spacers were used. The slightest trace of dirt or mois- 
ture would cause holes in the mercury strip. There was no tendency of the 
mercury to flow between the glass plates and the mica spacer if everything 
was clamped tightly. 

The next step was to freeze the mercury. A mixture of solid carbon diox- 
ide and ether was placed in troughs on either side of the mould. The copper 
plate conducted the heat away from the mercury strip and the mercury froze 
solid in a few minutes. 

The glass tubes were now removed from the holes in the top plate. The 
mercury in these holes was frozen and the removal of the glass tubes left good 
contacts for the various lead wires. The mercury at this temperature be- 
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Fig. 1. Arrangement for freezing mercury strips. 


haved much like solder and the lead wires were ‘soldered’ to the contacts, the 
‘soldering iron’ being a screw driver heated by holding it in the hand. 

The complete assembly with all leads attached was placed between the 
poles of an electromagnet (pole faces 5 cm in diameter), centered accurately 
and braced. 

By careful location of the side terminals practically no transverse po- 
tential difference would be present for liquid mercury in zero field. Upon 
solidification, however, this potential difference was quite large compared to 
the Hall e.m.f. and in a wholly erratic manner for different freezings. This 
was probably determined by the orientation which the mercury crystal or 
crystals took up. It was desirable to have this “bias” quite small and this 
was obtained by a method suggested by Kolacek*® with a potentiometer ar- 
rangement across two terminals B, C, about 1.5 millimeters apart. 

The measurements of the Hall e.m.f. as well as the potential drop along 


2 Kolacek, Electrina a Magnetismus, Prag p. 246 (1904); Ann. d. Physik (4) 39, 1491 
(1912). 
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the specimen between terminals A and D were made on a Wolff potentiom- 
eter with a galvanometer of sensitivity 100 mm per microvolt. 

The potential across the transverse leads was measured, while the current 
through the specimen was kept constant: (1) without the field; (2) with the 
field in one direction; (3) with the field removed; (4) with the field opposite 
to that in 2; (5) with the field removed. 

These five steps formed one cycle of measurements for every desired flux 
density and current in the strip. The change in strength of the field was 
measured for each step. 

The temperature of the mercury strip was measured by means of a 
thermocouple. If sufficient time was allowed for the apparatus to reach the 
equilibrium conditions and the troughs were kept full of ether and solid 
carbon dioxide, the temperature was found to be fairly constant at about 
— 60°C. The variation of the temperature during an experiment was within 
one degree centigrade. 

The thermal e.m.f. in the transverse leads was between 3 and 5 micro- 
volts, and there was no detectable change of it during a run. 

The accuracy of determination of the Hall constant is limited chiefly by 
the accuracy with which the thickness of the mica spacer could be measured. 
For the thin spacers used the measurements could be relied upon to within 
about 10 percent only. 


EXPERIMENTAL RESULTS 


While Fenninger’s! article does not indicate the sign of the small Hall 
effect he observed in solid mercury the present experiments show definitely 
a negative effect and the average Hall coefficient obtained is —0.00078 
+10 percent, i.e., over 71 times larger than the value announced by him. 


TABLE I. Data for a typical run on solid mercury. 














Thickness Current Flux Potential in Hall Hall Average 
of a in density _—_‘ transverse e.m.f. constant value of 
specimen specimen B leads A-B, C (micro- Hall con- 
(cm) (amp.) (micro- volts) stant R 
volts) 
0.010 13.12 0 35.9) 14.7 0.000773) 
0.010 13.12 +14500 50.6 a 0.000788 
0.010 13.12 0 0:6 15.3 ’ 
0.010 13.12 — 14500 20.6 — 0.000804 } 
0.010 13.12 0 36.0 








The data for a typical run on solid mercury are shown in Table I for a 
strip 0.010 cm thick, primary current of 13.12 amperes, from which it will 
be seen that the quantities to be measured are very definite and far above the 
limits of sensitivity of the galvanometer system. It is not understood, there- 
fore, why Fenninger should have found such small and uncertain effects. 

The curves in Fig. 2 and Fig. 3 show that the Hall coefhicient R is inde- 
pendent of the magnetic field and the current through the specimen. A single 
strip was used for the data of Fig. 2 and therefore does not show uncertainty 





834 JAMES T. SERDUKE AND THOMAS F. FISHER 


in determination of thickness. The same remarks hold for Fig. 3. Each point 
on these curves is the average of four sets of readings such as shown in Table I. 
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Fig. 2. Hall constant of solid mercury as a function of field strength. 


Fig. 4 shows the Hall constant as a function of thickness. While the points 
do not lie on a straight line it is thought that this is due to the difficulties in 
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Fig. 3. Hall constant of solid mercury as a function of primary current. 


measuring the thickness and that one is justified in concluding that the Hall 
constant in solid mercury is independent of thickness. 
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Fig. 4. Hall constant of solid mercury as a function of thickness, 


The change in resistance in solid mercury due to magnetic field was not 
large enough to be well detected. 

In conclusion the writers wish to express their gratitude to Professor 
P. I. Wold for the help and encouragement, which he freely gave to this in- 
vestigation, which is part of a larger program on measurements of Hall 
effects being carried on by the Physics Department at Union College. 
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ABSTRACT 


If the cosmological term in the equations of relativistic mechanics is set equal to 
zero, it has been shown by Einstein that a non-static model of the universe filled with 
a homogeneous distribution of incoherent matter would expand to a maximum volume 
and then start contracting. This, however, is a very special model of the universe 
filled with a highly simplified fluid, and subjected to changes which can be shown to be 
thermodynamically reversible; and it has recently been pointed out by one of the 
present authors that we can also expect a similar expansion to a maximum volume 
with much more general models of the universe allowing irreversible as well as re- 
versible changes in the fluid filling the model. The present article gives a somewhat 
detailed analysis of the behavior of a wide class of non-static models of the universe 
when the cosmological term is set equal to zero, and shows that we may expect a 
continued succession of expansions and contractions without reference to the reversi- 
ble or irreversible nature of the processes taking place in the fluid filling the model. 
The bearings of this finding on the problems of relativistic thermodynamics, which 
have already been treated by one of the present authors, are again noted. 


§ 1. Introduction. Einstein’s original equations connecting the distribu- 
tion of matter and energy with the space-time metric of general relativity 
can be written in the form 


—= SrT us = “ww 2G gu» (1) 


where 7,, is the energy-momentum tensor, G,, is the contracted Riemann- 
Christoffel tensor, and g,, the fundamental metrical tensor. The choice of 
these equations as a starting point for relativistic mechanics has considerable 
justification. In empty space, they reduce to 


G,, = 0 (2) 


which has the support provided by the three well-known crucial tests of the 
general theory of relativity. In weak static gravitational fields, only one of 
the ten equations, that with 4=yv=4, is of importance and this can then be 
shown to reduce to Poisson’s equation 


oy day + ay 
Ox* = ay’? 02? 





4ap = (3) 


where p is the density of matter and y the ordinary Newtonian gravitational 
potential. And finally, the energy-momentum tensor 7,,, is a quantity whose 
divergence we wish to have equal to zero on physical grounds while the 
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combination on the right-hand side of (1) is a quantity whose divergence is 
known to be identically equal to zero. 

As is well-known the original equations given above were later modified 
by Einstein’s addition of the so-called cosmological term to read 


— SrT yy = Gu — SGgy + Ag (4) 


where the cosmological constant A is a quantity independent of the spatial 
and temporal coordinates, which would have to be regarded as a new funda- 
mental constant of nature. 

At the time the reason for making such a change appeared to be twofold. 
In the first place, by adding the cosmological term there was obtained the 
most general possible function, of the gravitational potentials g,, and their 
first and second differential coefficients, the divergence of which is identically 
equal to zero. In the second place, without the cosmological term it was im- 
possible to construct a static model of the universe containing a finite density 
of matter; but by adding the cosmological term it became possible to obtain 
Einstein’s well known static model for the universe, with reasonable values 
for the density of matter and radius of the model, and no disagreement with 
the three observational tests of the theory, provided A was taken as a small 
positive quantity. 

More recently, however, the arguments in favor of changing from the 
original form of the equations as given by (1) have seemed less strong. In the 
first place, we know that A must in any case be a very small quantity in order 
to agree with the three crucial tests of the thecry of relativity, and we should 
certainly prefer to take it equal to zero mei sy in the interests of simplicity 
and definiteness. In the second place, if we du not set A equal to zero, we have 
to inquire into the significance and magnitude of this new fundamental con- 
stant of nature, and the results of such inquiry have so far not seemed very 
satisfactory. Finally, it now appears evident, both from theoretical and ob- 
servational points of view,! that non-static models of the universe are to be 
preferred to static models, and it is entirely possible to construct satisfactory 
non-static models of the universe without introducing the cosmological term, 
a fact that has recently been specially pointed out and emphasized by Ein- 
stein himself.? 

For these reasons it becomes a matter of some interest to consider the 
consequences of omitting the cosmological term from the equations of rela- 
tivistic mechanics, even though in the interests of generality we must con- 
tinue to keep in mind the possibility that A may not be exactly equal to zero. 

$2. Purpose of the Present Article. The purpose of the present article is to 
consider the general behavior of non-static models of the universe, setting 


1 On the theoretical side, as pointed out by Tolman, Proc. Nat. Acad. 16, 320 (1930), we 
cannot have a static universe if matter is changing over into radiation, and as pointed out by 
Eddington, Monthly Notices R.A.S. 90, 668 (1930), we cannot regard the Einstein static uni- 
verse as stable. On the observational side, the red shift in the light from the extra-galactic 
nebulae indicates a non-static universe as first appreciated by Lemaitre, Ann. Societe Sci. 
Bruxelles 47, Series A, 49 (1927). 

2 Einstein, Berl. Ber. (1931), p. 235. 
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the cosmological term equal to zero, and making only very general assump- 
tions as to the nature of the fluid which fills the model, and as to the nature 
of the processes which occur in this fluid as the model expands or contracts. 

In the article of Einstein referred to above, it was shown that on setting 
A equal to zero we must expect a non-static model of the universe, filled with 
incoherent matter exerting no pressure, to expand to a maximum volume and 
then to start contracting. This, however, was a very special model of the uni- 
verse, filled with a highly simplified fluid, and subjected only to changes 
which can be shown to be thermodynamically reversible,’ and it might be 
questioned whether we could expect a similar behavior in the case of less 
simple fluids and models in which irreversible processes might take place. 
Nevertheless, it has been pointed out in a recent article by one of us‘ that 
we can also expect such expansion to a maximum followed by contraction in 
the case of any model of the universe filled with a homogeneous distribution 
of fluid exerting a positive pressure, provided we set the cosmological term 
equal to zero. In the present article this behavior will be considered in more 
detail. 

In the next section, §3, we shall give those mechanical equations govern- 
ing the behavior of non-static universes which will be needed later. In §4, we 
shall then prove for any such non-static model of the universe, filled with a 
fluid which could exert only positive pressures, and having initially a finite 
volume and finite rate of expansion, that there would be a finite upper bound- 
ary beyond which the volume could not expand. Continuing in §5, we shall 
then show that the model would reach its maximum upper volume in a finite 
time and would then start contracting. And in §6, we shall show that the 
equations would thereafter require the contraction to continue to zero vol- 
ume which would also be reached within a finite time. In $7, we shall then 
discuss this mathematical conclusion that the model would contract down to 
the exceptional point of zero volume, and show from a physical point of view 
that we might expect contraction to the lower limit to be followed by a re- 
newed expansion. Finally in $8, we shall make some remarks concerning the 
possible application of these conclusions as to the behavior of highly ideal- 
ized models, in interpreting the behavior of the actual universe. 

§3. The Mechanics of the Non-Static Universe. An expression for the line 
element for a non-static model of the universe filled with a homogeneous dis- 
tribution of fluid with properties which are independent of position but de- 
pendent on the time, can be derived’ and written in the form 


eat) 
ds? = 


— —————_(dr? + r°d@ + r? sin? dg?) + di? (5) 
[1 + 72/4R?]? 
where 7, 6 and ¢ are the spatial coordinates, ¢ is the time coordinate, R is a 
constant, and the dependence of the line element on the time is given by the 
exponent g(t). 
3 Tolman, Phys. Rev. 38, 1758 (1931). See 9. 


* Tolman, Phys. Rev. 39, 320 (1932). 
5 Tolman, Proc. Nat. Acad. 16, 320 (1930). 
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For the proper pressure pp and proper macroscopic density poo correspond- 
ing to this line element we can write in accordance with the principles of 
relativistic mechanics*® 


1 
Smrfo = sr er — 30? +A (6a) 
3 
Smxpoo = —e- 9 + 3g7 -— A (Va) 


»2 


provided we retain the cosmological term, or 


1 
aap = ——e* — 3-1 (6b) 
ee 
3 . 
Srreeo = ya e 9 oe $¢? (7b) 
‘ee 


if we set the cosmological term equal to zero, as is of prime interest for the 
present article. The pressure and density are independent of position and de- 
pendent as shown on the exponent g(f) and its time derivatives g and @. 

With the above choice of coordinates particles which are at rest with re- 
spect to r, 8 and ¢ will not be subject to gravitational acceleration, so that we 
can regard the fluid as macroscopically at rest in these coordinates. As g 
changes with the time, however, the proper volume 


r? sin 0e32/? 
— [t+ eae] 


associated with a small range in coordinates 67606¢, and the total integrated 
proper volume of the model? 


51", 6r596@ (8) 


Vo = w*R%e0!2 (Sa) 


will change with the time. Hence we can describe the changes that take place 
in such a universe, as g increases or decreases, as expansions or contractions 
in the proper volume of the elements of fluid which fill the model, and in the 
total proper volume of the model. 

Furthermore, in accordance with the expressions for pressure and density 
we can easily obtain the relation® 


d d 
= (po05Vo) + po a (6Vo) = 0 (9) 


which shows that the change in the energy content of any given small ele- 
ment of the fluid, as measured by a local observer using proper coordinates, 
will be found equal to the negative of the work performed on the surround- 
ings. 


6 Reference 5, Eqs. 34. 
7 Tolman, Phys. Rev. 37, 1652 (1931). Eq. (28). 
8 Tolman, Proc. Nat. Acad. 16, 409 (1930). Eq. (4). 
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$4. The Upper Boundary of Expansion. Let us now consider such a model 
of the universe filled with a mixture of matter and radiation which might 
exert a positive pressure 


IV 


po 2 0 (10) 


but cannot withstand tension. And at some initial time ¢=0 let the model 
have a finite volume and finite rate of expansion corresponding to 


& = go and g = go (11) 


where go is finite and gp is finite and positive. We shall first show, with A =0, 
that there will be a finite upper volume beyond which the expansion cannot 
go, that is a finite upper boundary for the quantity g. 

Combining equation (6b) with the inequality (10), we can write in general 


1 
b+ iit o's 0. (12) 


Furthermore, since g will be positive as long as expansion continues we can 
multiply (12) by the positive quantity 2e**/*¢ and write 








3 2 
Qerolteg + — edul2g3 4 e/g <0 (13 
Bet Oe Te’ ) 
or 
d gael wee 2) <0 14) 
—(e3a/2g2 —/(ea/2 < ( 
a Rae 


as an expression which will continue to hold as long as g continues to increase. 
Integrating (14) between ¢=0 and any later time of interest t=/, and 
substituting the values for g and g at time t=0 as given by (11), we obtain 


4 
e80/2g2 + — e#/2 < gim 2692 + — em? (15) 
R? R? 
or, taking the constant R as real for the models in which we shall be inter- 
ested, 
R2 R? 
eg/2 < — 300/26 ,2 oe eo/2 — e3e/2g2 (16) 
+ 4 
as an expression which will hold as long as g continues to increase. Since go 
and go are, however, finite by hypothesis this shows that there is an upper 
finite boundary say y which g cannot surpass. So that we can necessarily 
write 


ve 
IA 


Y (17) 


where y is finite. 
$5. Time Necessary to Reach the Maximum. From the inequality (17) 
we can then evidently write 


1 l 
—-—¢rs ——oe (18) 


R? R? 
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and combining this with (12) we obtain 


1 
fa -—e*- (19) 
R2 
or 
dg 1 
“s — = = ey, (20) 
dt Rk? 


And integrating this between ¢=0 and any later time of interest t=/, we ob- 
tain 


; ~e- 1 (21) 
~ 
R2 
where go is the rate of increase in g at ¢=0. 

In accordance with this expression, however, noting from (11) that go is 
positive, we see that at a finite time 


t = Rego (22) 


¢ will become equal to zero, g will pass through a maximum, and the volume 
will start to decrease. 

$6. Time Necessary to Reach Zero Volume. It will also be of interest to 
consider the behavior of the model after passing through its maximum vol- 
ume. Since ¢ will then evidently be negative, we may this time multiply (12) 
by the negative quantity 2e*#/*g, and integrating as in $4, obtain in correspond- 

- : | ? § Fa] e ] 
ence with (15) 
! 9 4 9 3 ! > 4 > 
es u/2g2 + vomn sgt > e34m Pe - ~ e9m!2 (23) 
kr k? 

where g,, and g,, are the values of the quantities indicated on passing through 
the maximum point at the time ¢=/,,. Since, however, the velocity will be 
zero when the model passes through its maximum volume, we may substi- 
tute 


gm = 0 (24) 
and rewrite (23) in the form 
eialtg? = —(emn!? — elt (25) 
R? 
and with g negative this gives us 
esala dg < = 2 Ceoml? 7 e!2)t/2 (26) 
dt R 


provided we take the constant R not only as real but positive, which will be 
the case for a closed model with the positive “radius” Re?’?. 

Expression (26), however, can easily be integrated between ¢=/,, and any 
later time of interest ¢=/ to give 
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ea/4 7 — e%m!2 — eal4 - , (t _— tm) _ 
— —(e%m/2 — eo/2)t/2 4 sin7! ——eml?s — — (27) 
2 2 eoml4 + 2R 











or on rearranging 


e7!4 T 
(t — tm) < Ri c2!4(eom!? — 9/2)? — gom!2 sin-t —— 4 —eoml2? |, (28) 
. . egm 4 2 . 
And in accordance with this result, it is evident that e?/4 will reach the value 
zero or g the value minus infinity at a finite time after the maximum 


(t = tm) $ — Rem!?, (29) 

We have thus shown not only that the model, starting with a finite vol- 
ume and finite rate of expansion, would reach a finite maximum volume with- 
in a finite time, but continuing beyond the maximum would go on down to 
zero volume within a finite time later. In addition it will be noted, by com- 
paring equations (6a) and (6b) and examining the method of analysis which 
has been employed, that these results would also hold if the cosmological 
‘onstant A were taken as a negative quantity, as well as for the case which we 
have treated with the cosmological term set equal to zero. 

$7. Behavior of the Model on Reaching Zero Volume. As a result of the 
preceding section we have seen that our equations lead to the conclusion that 
the proper volume of the model would decrease to the value zero within a 
finite time after passing the maximum. We must now inquire into the physi- 
cal significance of this result, and into the further behavior of the model 
after reaching this exceptional point. 

In accordance with the inequality (26) we may write 


? 
g <- ———(e9n/?2 — e9/2)1/2 (30) 


Reia!4 


as an expression which holds at any time after passage of the maximum, so 
that on reaching zero volume with g= — © we shall have 


g=— ©, (31) 
Furthermore, in accordance with our general expression (12) we can write 


1 
1a =~ ero i (32) 


so that we shall also have 

§=-—o (33) 
on reaching zero volume. The exceptional point g= — © is thus reached with 
the velocity g and the acceleration # both equal to minus infinity. 


The conditions for an analytical minimum are thus unsatisfied and the 
analysis fails to describe the passage through the exceptional point of zero 
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volume. From a mathematical point of view, however, it is evident that our 
differential equations of motion (6b, 7b) can be satisfied if we have a renewed 
expansion taking place at this point, and from a physical point of view as 
previously emphasized by one of us® it is evident that contraction to zero 
volume could only be followed by renewed expansion. Furthermore, as noted 
in a similar connection by Einstein,'® it is possible that the idealization upon 
which our considerations have been based should be regarded as failing in 
the neighborhood of zero volume" so that the analysis fails to give a correct 
description of the behavior at the lower limit of volume. It hence appears 
reasonable to conclude for models of the kind we are discussing that the con- 
traction to zero volume or more generally to the lower limit of volume would 
result in a sudden reversal in the direction of the velocity g, followed by a 
renewed expansion of similar character to the previous one. 

$8. Conclusion. The main results of the foregoing analysis may now be 
summarized and a few remarks made concerning their significance. 

It has previously been shown that the line element for any non-static 
model of the universe containing a uniform distribution of fluid can be writ- 
ten in the general form 


g(t) 
ds? = — ———_______(dr? + r°d0? + r* sin? 6do*) + df? (34) 
[1 + r2/4R?]? 

where R is a constant and the dependence of the line element on the time is 
given by the exponent g(t). The “radius” for such a model is Re®’*, and the 
changes that take place in the model, as g increases or decreases, can be de- 
scribed as expansions or contractions in the proper volume of the elements of 
the material filling the model, and in the total proper volume of the model as 
a whole. 

Let us now consider the special case of a “closed” model with R real" and 
positive, filled with a perfect fluid which could not withstand tension, and 
having at some initial time a finite volume and finite rate of expansion. Ap- 
plying the equations of relativistic mechanics with the cosmological term 
omitted, it has then been rigorously shown that such a model would expand 
to a finite maximum volume which would be reached within a finite time, and 
would then contract to zero volume which would also be reached within a 
finite time later. Furthermore, although the mathematical analysis fails to 
carry us through the exceptional point of zero volume, it has been shown 
plausible on physical grounds to expect that contraction to the lower limit 
would be followed by renewed expansion, thus leading to a continued succes- 
sion of somewhat similar expansions and contractions. 


® Tolman, Phys. Rev. 38, 1758 (1931). See §7. 

10 Reference 2. 

1! The assumptions that the material filling the model has a perfectly homogeneous dis- 
tribution, and that this material is a perfect fluid incapable of shearing stresses, may fail at 
very small volumes. 

'2 It should be emphasized that these conclusions apply to “closed” models with R real. 
The theoretical possibility for “hyperbolic” models with R imaginary has recently been pointed 
out by Heckmann, Géttingen Nachrichten II, 126 (1931). 
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This result applies of course in the first instance only to the class of sim- 
plified cosmological models that we have considered. Nevertheless, in view of 
the fairly general nature of the assumptions that were necessary, the result 
may at least be taken as indicating a possibility that the actual universe or 
parts thereof might also exhibit such a continued succession of expansions 
and contractions. 

Furthermore, it may again be pointed out, as was emphasized in a prev- 
ious article,“ that this result has been obtained solely by applying the prin- 
ciples of relativistic mechanics, without the necessity for any assumption 
as to the thermodynamic nature of the processes which take place in the fluid 
in the model as a consequence of the expansion and contraction. We are 
hence led to the conclusion that the continued series of expansions and con- 
tractions would recur even though the processes taking place in the fluid 
might be thermodynamically irreversible in character." 

This latter conclusion is of particular interest since the classical thermo- 
dynamics would have led us to expect that the continued occurrence of ir- 
reversible processes would result in a condition of maximum entropy where 
further change would be impossible. As shown in detail in the article men- 
tioned, however, relativistic thermodynamics would permit a continued suc- 
cession of irreversible expansions and contractions without the entropy ever 
reaching an unsurpassable maximum. 


13 Reference 4. 
4 Tf the processes taking place in the fluid are thermodynamically reversible we may ex - 
pect a series of identical expansions and contractions as previously studied in detail (Ref. 9) 
When the processes are thermodynamically irreversible, however, we may expect a series of 
non-identical expansions and contractions of gradually increasing amplitude as studied in the 
article mentioned. (Ref. 4). 
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LETTERS TO THE EDITOR 
Prompt publication of brief reports of important discoveries in physics may 
be secured by addressing them to this department. Closing dates for this depart- 
ment are, for the first issue of the month, the twenty-eighth of the preceding 
month; for the second issue, the thirteenth of the month. The Board of Editors 
does not hold itself responsible for the opinions expressed by the correspondents. 


Diamagnetic Susceptibility of the Rare Gas Atoms According to 
Slater’s Method 


Recently Biswas! has communicated a let- 
ter having the above title in which he gives 
he calculated atomic diamagnetic susceptibil- 
ities of krypton, xenon, and radon. His results 
are vitiated (1) by a misinterpretation of 
Slater's screening rules? and (2) by arith- 
metical inaccuracies. In determining the ef- 
fective nuclear charge one is concerned not 


with the order in which electron groups are 
completed but with the completed groups 
which are present. Therefore, although most 
certainly the eight electrons of the 5s, p groups 
are added before the fourteen electrons of the 


1S. C. Biswas, Phys. Rev. 38, 1784 (1931). 
2 J.C. Slater, Phys. Rev. 36, 57 (1930), 


























TABLE I. 
| G —s) | —AX4 x 108 —X,4 X 108 
Atom Electron wenn :23g Reena emma 
Group | S.CB. J.C.S. W.R.A. S.C.B. ‘JCS S. W.RA. SCR. JCS. W.R.A. 
Kr | ts @ [31.8 38.7 3.7/ — — — 
2s (2) | 31.855 31.85 32.95 |) 0.05 0.04 
2p (6) | 31.855 31.85 31.85 |/ 0.19 0.14 0.14 
3s (2) | 24.7 24.75 26.85 } 0.33 0.28 
3p (6) | 24.7 24.75 24.75 |f 1.3 1.00 1.00 
3d (10) | 14.8 14.85 14.85 | 4.61 4.61 4.61 
4s (2) | 8.2 8.25 10.35 |) 6.40 4.06 
| 4p (6) | 8.2 8.25 8.25 |f31.75 19.20 19.20 | 37.88 31.73 29.33 
Xe | 1s (2) — §3.7 $3.7 — — — 
2s (2) | 51.85 49.85 51.95 }) 0.02 0.02 
2p (6) | 51.85 49.85 49.85 |f 0.07 0.06 0.06 
3s (2) | 42.7 42.75 44.85 |) 0.11 0.10 
3p (6) | 42.7 42.75 42.75 |f 0.45 0.34 0.34 
3d (10) | 32.8 32.85 32.85 | 0.95 0.94 0.94 
4s (2) | 26.2 26.25 28.35 |) 0.63 0.54 
4p (6) | 26.2 26.25 26.25 |f 2.54 1.90 1.90 
4d (10) | 14.8 14.85 14.85 | 9.89 9.87 9.87 
Ss (2) | 8.2 8.25 10.35 |) 8.53 5.41 
5p (6) | 8.2 8.25 saul as 94 25.60 25.60 | 48.84 48.00 44.78 
Bolte @mi— s7 #7 | — — — 
2s (2) | 81.85 81.85 83.95 |) 0.01 0.01 
2p (6) | 81.85 81.85 81.85 po 0.02 0.02 
3s (2) | 74.7 74.75 76.85 0.04 0.03 
3p (6) | 74.7 74.75 74.75 |1f 0.15 O.11 0.11 
3d (10) | 65.5 64.85 64.85 | 0.26 0.24 0.24 
4s (2) | 58.2 58.25 60.35 |) 0.13 0.12 
4p (6) | 58.2 58.25 58.25 |f 0.49 0.38 0.38 
4d (10) | 46.8 46.85 46.85 | 0.99 0.99 0.99 
4f (14) | 27.4 35.45 35.45 | 4.05 2.42 2.42 
Ss (2) | 40.2 28.35 30.45 |) 0.72 0.63 
| Sp (6) | 40.2 28.35 28.35 |f 1.44 2.17 2.17 
| Sd (10) | 14.8 14.85 14.85 | 13.17 13.19 13.19 
| 6s (2) | 10.3 8.25 10.35 |) 10.21 6.49 
6p (6) | 10.3 8.25 8.25 |f25.98 30.63 30.63 | 46.56 61.26 57.43 



































4f group, in evaluating the effective nuclear 
charge one must consider the screening effect 
produced by the 4f electrons on the electrons 
in the 5s, p groups; but this is entirely neg- 
lected by Biswas. 

In Table I are given the electron groups 
and, in brackets, the number of electrons in 
each group. (Z—s) is the effective nuclear 
charge calculated by Biswas (S.C.B.), by a 
rigorous adherence to Slater's rules (J.C.S.), 
and by a modification of Slater's rules which 
I have made (W.R.A.). This modification con- 
sists in evaluating (Z—s) by using Slater's 
screening factors for the s and p groups sepa- 
rately with a consequent increase of 2.1 for the 
(Z—s) value of every s group over every p 
group having the same principal quantum 
number. This means a lowering of the diamag- 
netic susceptibility and values calculated for a 
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large number of atoms and ions will be pub- 
lished shortly elsewhere. The values obtained 
by the modified method are in much better 
agreement with experimental results than 
values calculated by any of the previously 
known methods. The diamagnetic increments 
of each electron group (—AX, 10°) and the 
atomic diamagnetic susceptibilities (—X, 
10°) calculated by Slater’s method and by 
the method just discussed are compared with 
the values given by Biswas. The agreement is 
not good. 
W. Rocre AnGus 
Sir William Ramsay Laboratories 
of Inorganic and Physical Chemistry, 
University College, 
London, 
February 2, 1932. 


The Shot Effect and Electrical Breakdown in Insulators 


Since Schottky first discovered and inter- 
preted the shot effect in vacuum tube cir- 
cuits, the theory has been applied to a variety 
of problems. Now it seems evident that studies 
of the amplified electrical fluctuations accom- 
panying many physical phenomena are valu- 
able in getting a better insight into the physi- 
cal processes involved. We have recently 
measured the fluctuations in currents through 
insulating materials subjected to high electric 
fields, and as a result have been led to certain 
conclusions regarding the nature of electrical 
breakdown in solids. 

The apparatus was similar to that usually 
used in measurements of the shot effect, ex- 
cept that the coupling with the amplifier was 
non-inductive. A battery of dry cells was con- 
nected in series with a condenser made of a 
thin film of the insulating material to be 
tested, and with a high resistance across which 
the amplifier was connected. The fluctuations 
in the current through the insulator were thus 
transmitted to the amplifier and measured by 
the power dissipated in a thermocouple con- 
nected to the amplifier output. The amplifier 
was calibrated by measuring the thermal 
noise! with the battery disconnected. The 
principle of this calibration will be discussed 
in more detail later. 

For most of the measurements, the insu- 
lator used was a Pyrex glass bulb 5y thick at 
the thinnest part. Electrical contact was usu- 
ally made inside and outside with clean mer- 
cury. After the voltage was applied, the direct 
current, measured directly with a galvanome- 





ter, at first decreased r:pidly, but after about 
five minutes became rather steady, where- 
upon the noise made. 
Tests were made showing that the noise was 
not merely an electrode phenomenon. 


measurements were 


The existence of the noise we have meas- 
ured proves that the strength of the conduc- 
tion current fluctuates; quantitative measure- 
ments determine the magnitude of the fluctu- 
ations. We express the results in terms of the 
number, », of charges equal in magnitude 
(but not necessarily in sign) to the electronic 
charge, which discharge onto the electrodes 
together. As in similar noise measurements, 
the theory? of the shot effect enables us to de- 
rive from the results of experiment, the value 
of n?,n, the average value of the square of the 
number divided by the average value of this 
number. We shall refer to this quantity simply 
as the group-size. The results for Pyrex glass 
are shown in Fig. 1. 

It is interesting to consider the results in 
relation to the theories of breakdown by cu- 
mulative ionization. Joffés in particular, 
views the conducting ions as being speeded up 
by the feld until finally they have momentum 
enough to loosen more ions from the lattice, 
resulting in increased conductivity and finally 


1J. B. Johnson, Phys. Rev. (2) 32, 97 
(1928). 

2 T. C. Fry, Jour. Franklin Inst. 199, 203 
(1925). 

* The Physics of Crystals, McGraw Hill, 
New York, 162 (1928). 
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breakdown. Qualitatively, our results fit in 
with Joffé’s theory, for according to it we 
should expect ion groups the sizes of which 
would increase rapidly with voltage. But 
quantitatively the group-size should be about 
the same as the ratio of the conductivity in 
the field in which the group-size was meas- 
ured, to the conductivity in very low fields. 
In Pyrex glass films 5u thick, in a field of 
2-10® volts cm, this conductivity ratio is 
about 5, while our observed group-size is 10°, 
quite inconsistent with Joffé’s simple picture 


10° ——_________— 


GROUP SIZE nyn 
ra) 
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Thus it is suggested that most of the noise 
which we have measured is due to a succession 
of discharges which are very much larger than 
th: average. It is possible that these dis- 
charges occur in paths along which break- 
down would occur at higher voltages. Support 
for this idea is found in the work of Inge and 
Walther,* who observed microscopic channels 
in glass and rock salt when a field ordinarily 
sufficient for breakdown was applied for a 
very short time. Although the channels could 
afterwards be observed under the microscope, 
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of incipient breakdown. If we retain Joffé’s 
theory of the increase in conductivity in high 
fields, the average group-size is measured by 
the conductivity ratio (in this case a maxi- 
mum of 5), and using our experimental value 
of n?/n we find that the average square of the 
group size is 5 - 10°. This is just what we should 
expect if a few of the groups are very much 
larger than the others; e.g., if most of the 
groups have the size n=5, and 10~7 of them 
the size 10°, n?/n has the value 2 - 10‘ and still 
only 2 percent of the current is carried by the 
larger groups. 


‘0 200. 400 600 
VOLTAGE 
Fig. 1. Group-size as dependent upon volt ge. Here » represents the number of charges, 
equal in magnitude to the charge of one electron, which discharge onto the electrodes together. 
The quantity determined by experiments on the shot effect is the ratio of the means, n? ‘n,. 


800 1000 1200 1400 


their presence did not lower the breakdown 
strength of the material as ordinarily meas- 
ured. It was only after the field was applied 
for longer times that these channels grew in 
size sufficiently to cause complete breakdown. 
It seems probable that the groups of charges 
which we have measured have passed along 
submicroscopic paths which at higher voltages 
grow into the microscopic paths observed by 
Inge and Walther, and finally enlarge to pro- 
duce breakdown. 


* Inge and Walther, Archiv. f. Electrotech. 
24, 259 (1930). 

















LETTERS TO 


The existence of a few groups which are 
much iarger than the average and which 
carry only a small fraction of the conduction 
current, suggests that the carriers composing 
these groups are quite different from most of 
the carriers, and that they are electrons rather 
than ions. This opinion is supported by recent 


* vy. Hippel, Zeits. f. Physik 67, 707; 68, 309 
(1931). 
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work of von Hippel’ which indicates that 
electrical breakdown, which may be regarded 
as a later stage in the development of the 
phenomenon we have observed, is primarily 
an electronic phenomenon. 
R. M. Bozorta 
F. E. HAWorRTH 
Bell Telephone Laboratories, Inc., 
New York, N. Y., 
February 3, 1932. 


The Isotopic Constitution of Zinc 


The constitution of zinc has been deter- 
mined by a new method of analysis. The mass 
numbers of the isotopes of zinc are 64, 66, 68, 
67, and 70 in order of relative abundance. No 
evidence has been secured for the existence of 
Zn® or Zn*? although from Aston’s' measure- 
ments Zn® and Zn°® are respectively 6.5 and 2 
times more abundant than Zn*°. This new 
analysis indicates that the ions of mass num- 
bers 05 and 69 measured by Aston were hydrides 
of Zn™ and Zn, Fig. 1 is a positive contact 





o4 66 67 O68 70 
Fig. 1. 
print of the mass-spectrum of zinc. Zn? is 


clearly visible on the original plate. Fig. 2 isa 
densitometer record of the mass spectrum of 
zine. 

The apparatus used for this analysis of the 
isotopes of zinc may be most simply described 
as a combination of a source of ions, a “ve- 
locity filter” or selector, and a focussing cham- 
ber and camera. Ions of all energies up to the 
maximum potential applied across the dis- 
charge tube enter the first slit, (0.005 cm 
wide), of the velocity selector. In this region 
the ions are subjected to the combined action 
of crossed electric and magnetic fields. All ions 
passing through the second slit of the velocity 
selector have the same velocity, 7=N J//, 
within narrow limits. The ions which emerge 
from the second slit are immediately intro- 
duced into a uniform magnetic field, and 
arrive normally incident to the surface of a 
photographic plate 180° from the second slit. 
The radius of curvature of the ions is propor- 
tional to the mass of the ions and a linear mass 
scale is secured. 

The present analysis of zinc was undertaken 
as the available evidence indicated that the 
ions of mass 65 and 69 as measured by Aston 





were not isotopes of zinc. Dempster? deter- 
mined the isotopes of zinc by means of his 
method of analysis. The ions were produced 
by electron impact of zinc vapor essentially 
free from hydrogen. Isotopes of proton num 
bers 64, 66, 68, and 70 were found with indi- 
cations of an isotope at 67 but no evidence for 
an tsotope of mass 69, Aston® has suggested in 
commenting on his analysis of germanium 
that “the possibility of hydrides cannot be 
ruled out”. The germanium ions were pro 
duced from a volatile compound containing 
hydrogen in abundance which was released 
under the dissociative action of the discharge. 
Zine methyl was used in the discharge tube to 
produce zine ions and again large quantities 
of hydrogen must have been present under 
conditions favorable to the formation of hy- 
drides. Barton’ has called attention to the 
possibility of error in the analysis of germa- 
nium due to hydrides and has suggested less 
directly that Aston’s analysis of zinc might be 
in error. 

For the present analysis, the ions of zinc 
were secured by ionization of metallic zinc 
vapor from a new type of source which may 
prove to have a wide range of application. A 
zinc cathode was used in the discharge tube 
and for some spectra metallic zinc was also 
deposited by evaporation from a tungsten 
filament onto the walls of a cylindrical dis- 
charge tube. When a discharge is run in neon 
or argon, a copious supply of metallic ions is 
secured. This method of producing ions was 
discovered quite accidentally when it was 
noticed in examining the abundance of Ne?! 
that an intense line of mass 27 always ap- 
peared on these plates when an aluminium 
cathode was used. The origin of the metallic 


1F, W. Aston, Nature 122, 345 
Proc. Roy. Soc. A130, 303 (1931). 
2 A.J. Dempster, Phys. Rev. 20,635 (1922). 
*F,W. Aston, Nature 122, 167 (1928). 
‘H. A. Barton, Phys. Rev. 35, 412 (1930). 


(1928); 








S48 LETTERS TO 


vapor has not been located precisely; the 
cathode becomes very hot and considerable 
metallic vapor is continually given off by 
evaporation and sputtering. Although the in- 
tensity of the ion beam is increased by allow- 
ing the walls of the discharge tubes to heat up 
to 200° by electron bombardment and the re- 
combination of ions and electrons on the walls, 
good ion intensity can be secured with the 
discharge tube cool and no metal on the walls. 
It appears therefore that the cathode surface 
supplies most of the metallic vapor. So far this 
type of source has been used successfully for 


04 


Fig. 2 


Al, Zn and Cd. It is peculiarly adapted for 
evamining elements which form hydrides as 
the great affinity of ionized neon and argon for 
hydrogen tends to clean up any hydrogen 
present in tube. A “well” 
(filled with Se) in an aluminium cathode was a 
successful source of vapor for this element. 


the discharge 


The vapor pressures of Cd and Se are too 
great to allow the use of cathodes of these ma- 
terials as the discharge tube walls become 
conducting too rapidly to permit a series of 
exposures. 

A critical examination of Aston’s results 
obtained since 1927 shows that in regard to 
the existence of specific isotopes only the 
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analysis of germanium is questionable. Simi- 
larly, Aston’s measurements of the relative 
abundance of isotopes are not in question in- 
sofar as they might be affected by the pres- 
ence of hydrides except for Zn and Ge. “Con- 
sistent photometry of ‘a’ group of lines on all 
of a very large number of plates” is not a 
sufficient criterion to prove that hydrides are 
not present among those lines. 

Assuming that all the isotopes of zinc form 
hydrides in the same ratio as Zn™ to Zn"H 
and no multiple hydrides are formed, the 
value obtained for the atomic weight of zinc 


OS 70 


» 


from Aston’s data and with the present results 
in view is 65.32; +0.02 on the chemical scale 
after deducting 2.2 parts in ten thousand® to 
transfer from the physical mass scale. 
KENNETH T. BAINBRIDGE 
Bartol Research Foundation of 
The Franklin Institute, 
Swarthmore, Pa., 
February 10, 1932. 


°F. W. Aston, Proc. Roy. Soc. 130, 305 
(1931). 

° R. T. Birge and D. H. Menzel, Phys. Rev. 
37, 1669 (1931). 
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Science and First Principles. F.S. C. NortHrop, xiv+299 pp. The MacMillan Company, 
New York, 1931. Price, $3.00. 

In this book, the author applies the principles of philosophy to the modern physics in an 
attempt to discover what are the realities behind the mathematical statements of the physi- 
cists. To do this, he reviews the theories of nature, starting with the Greeks and ending with 
Einstein, examining carefully the fundamental postulates of each one, and he concludes that the 
physical theory of nature, as stated by Einstein in the relativity theories, is the correct one in 
the light of modern work, provided only there exists a referent, outside of the “atoms” them- 
selves, which also must be a physical thing. This referent, the author contends is itself an 
“atom”—a macroscopic atom of finite diameter, which is a physical entity congesting and sur- 
rounding all the microscopic atoms of nature. By means of this one macroscopic atom and the 
many microscopic atoms, there are provided the “approximate general uniformity over macro- 
scopic distances, and the local microscopic heterogeneity and variability” which are necessi- 
tated by the relativity and the unitary field theories. After applying his macroscopic atomic 
theory to quantum and wave mechanics and to thermodynamics, in each case searching out 
and examining the fundamental principles behind the scientific generalizations, the author 
then proceeds to show that his new theory is of the most general validity by applying it success- 
fully to the living organisms and to man himself, finally ending with a chapter on the founda- 
tions of experience and knowledge. 

To an organic chemist, quite bewildered by some of the interpretations of the mathemati- 
cal equations of modern physics, and wondering whether or not the atoms and molecules with 
which he is working today will be tomorrow nothing but mathematic equations, this book 
comes as a great joy. Not that the chemist can understand it all—far from it-——but the book 
does give him a hopeful inkling that, after all, there are real, physical meanings to these mathe- 
matical equations, meanings which are not so difficult to grasp as the sight of the mathematical 
equations had led him (and others!) to suppose. 

A distinguished scientist, lecturing recently at the University of Minnesota, made the 
statement “In the old days, we could explain a great deal, but could not calculate very much; 
now, however, we can calculate much more, but can explain much less”. It is the business of this 
book to do some explaining and to clear away some of the rubbish which today passes for 
sciéntific thinking, even in high circles. Even if the author's theory later has to be modified, he 
has so far done an excellent job in calling attention to inconsistencies in the use and applica- 
tion of the recent outstanding mathematical developments of modern science, and for this he 
deserves the heartfelt thanks of all scientists. 

The author's range of information covers many fields, and he writes exceedingly well on 
all of them. The book is well printed, in readable type, and on good paper. There are very few 
typographical errors, and at the end there is an adequate index. 

Lee IRVIN SMITH 
University of Minnesota 


Jahrbuch des Forschungs-Instituts der Allgemeinen Elektricitats-Gesellschaft, Volume II, 
1930. 332 pp., Julius Springer, Berlin, 1931. 

This volume consists of a collection of the important publications of the relatively newly 
organized research laboratories of the Allgemeinen Elektricitiits-Gesellschaft, Germany. These 
papers have all appeared in a large number of scientific and technical journals during the year 
1930. They are brought together in book form under 12 groups constituting the chief activities 
of the research laboratory. These groups are Acoustics, Investigation of Transient Phenomena 
of Short Duration by means of Photography, Studies of Electrical Heating Devices, Vacuum 
Tube Technique, Electron Beams, Electron Physics, Atomic Physics, Atomic Chemistry, 
Physical Chemistry, Properties of Matter, Electro-optics and Unclassified. 
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The first chapter consists of a description of the research laboratories of the A.E.-G and 
the projects under way by C. Ramsauer. Among the collected papers there is one of general 
popular interest which is a beautifully written article on the repreduction and registration of 
music by photographic films, written by Dr. Hehlgans-Lichte. In addition there are some ex- 
cellent technical papers on the photographic problems of photographic sound registration, on 
the acoustical radiation from membranes and on the horn loud speaker. 

The article dealing with the theory and applications of Dr. Tuhn’s method for photograph- 
ic registration of short time phenomena is also illuminating. 

Particularly notable is the collection of papers on electron beams by Briiche in which he 
discusses a large number of technical applications of the slower electron beams, and in particu- 
lar the collection of his excellent articles in which he investigates and demonstrates phenomena 
of the aurora borealis by means of electron beams in magnetic fields. 

Another good collection of papers is that by Rupp, giving his interesting results on electron 
diffraction. 

Perhaps the most outstanding and complete collection of papers is that of Ramsauer and 
Kollath on the absorbing cross-section of molecules together with their application to the study 
of molecular structure by Briiche. 

The book is excellently printed, well bound and profusely illustrated. The feature of par- 
ticular interest is that there are collected in one volume the outstanding papers for the year of 
one of the most active research laboratories, classified in such a way that they are easily acces- 
sible for persons interested in the fields of activity covered by this research laboratory. In view 
of the wide dissemination of scientific papers on the same subject often by the same author in 
many journals, the idea of collecting the year’s work in a single volume properly classified is a 
most happy one. The volume should be in all scientific libraries and would be of great value to 
men workiny in the special fields of investigation covered. 


Lreonarkp B. Lores 





University of Califernia 


Gmelin’s Handbuch der anorganischen Chemie. 8 Autlage. Ilerausgegeben von der Deut- 
schen Chemischen Gesellschaft, System Nummer 29: Strontium. Pp. 239, figs. 26 Verlag Chemie 
G.m.b.H. Berlin. Price, R.M. 41. 

The wide circle of friends of this classical “Handbuch” will appreciate the rapid appear- 
ance of the various volumes of the new edition. 

The present one, dealing with the properties of strontium and its compounds, is quite up 
to date, the literature up to August 1931 having been covered. The subject is treated in an ex- 
haustive way, at least the reviewer was unable to note any omission of facts described in the 
literature. Even the preparation and spectrographic properties of compounds of more modern 
interest such as those of the strontium subhalides are fully described. The editor and his col- 
laborators deserve praise for their excellent accomplishment in the publication of this most 
complete compilatory work on the physical and chemical properties of elements and their com- 
pounds. 

I. M. KoLiHoFF 
University of Minnesota 


Messentlandungsstrecken (Ionenstrecken). SIEGFRIED FRANCK. Pp. 192,° viii. figs. 183. 
Julius Springer, Berlin, 1931. Price R.M. 18.50, bound R.M. 19.50. 

This book contains a summary of the best work that has been done on the quantitative re- 
lations that obtain in disruptive discharges in gases under a great variety of conditions. The 
author is mainly interested in those features of these discharges that make them available and 
convenient for measurement over certain ranges not only of the usual electrical quantities but 
also of such quantities as time, speed, gas pressure, etc. Little attention is paid to the theory of 
the discharges which are considered, and the descriptions of the experimental methods and of 
the apparatus used are rather brief, but references to original sources permit the reader 
readily to supplement what is given. Quantitative relations are presented in numerous tables 
and characteristic curves,and in mathematical form as well, where this has been found possible. 
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Especial mention should be made of the extensive set of tables at the end of the book giving the 
necessary spark-gap data for the calibration of high potential voltmeters or for use in the direct 
determination of high voltages. 
Joun ZELENY 
Yale University 


Vector and Tensor Analysis. A. P. Witis. Pp. 285+ xxxii, figs. 44. Prentice-Hall, Inc., 
New York, 1931. Price, $5.00. 

This volume is an outgrowthof theauthor’s lectures on the subject during more thantwenty 
years. It is designed to appeal particularly to those who are interested in the study of physics. 
It is likely to attract a wider circle of readers, however, for there is no other single volume in 
English which will take one from the very beginning so far into the subject. 

The analytical part of the book is preceded by an interesting historical introduction, which 
traces the evolution of the vector concept from its origin in the attempt to represent complex 
numbers to the development of the algebra and calculus of tensors in Riemannian manifolds. 
The review closes with a specific reference to the work of Hessenberg in the field of tensor 
algebra. Conformably to Hessenberg’s views, a tensor may be identified with a homogeneous 
multilinear form in unitary base-vectors which is invariant under coordinate transformations. 
A homogeneous linear form is a tensor of the first rank, or vector; a homogeneous bi-linear form 
is a tensor of the second rank, or dyadic. This approach simplifies materially the treatment of 
the theory of tensors. 

The treatment of vector algebra and vector calculus is roughly equivalent to that to be 
found in several other English texts. Unitary vectors and reciprocal unitary vectors are em- 
ployed quite freely, due, in part, to the need of accustoming the reader to these before he uncer- 
takes the study of tensors. The treatment of scalar and vector fields is conventional; the funda- 
mental equations and transformation equations are discussed adequately. A chapter on linear 
vector functions and dyadics follows, which includes a number of physical examples of the use 
of dvadics in addition to the development of the algebra. 

The last third of the book is devoted to preparation for, and presentation of tensor analysis. 
One chapter presents the vector algebra of generalized coordinate systems, another contains 
theorems concerning transformation of coordinates, and in a third chapter the vector algebra 
of non-Euclidean manifolds is developed. In the final chapter, the tensor is defined in accord 
with Hessenberg’s views, as outlined earlier in this review, and the algebra is developed in 
accord with this definition. The Riemann-Christoffel tensor, the Ricci-Einstein tensor and the 
Gaussian curvature of a surface are considered at the end of the chapter. 

The book will be very useful to one who wishes to gain a thorough knowledge of the sub- 
jects treated by it. The earlier chapters, on vectors and dyadics, are straightforward and give 
all that one needs to know in order to handle vectors easily. The chapter on tensor analysis is 
quite difficult reading, partly, the reviewer believes, on account of the way in which algebraic 
and geometric ideas are developed together. It is concise, however, and perhaps not so difficult 
as it appears at first sight, in view of the fact that the properties of unitary and reciprocal 
vectors are developed early and are used all the way through the book. 

H. H. Marvin 
University of Nebraska 


l’Atome de Bohr. Léon Brittovin. Pp. 363. Les Presses Universitaires de France, Pari 
1931. Price, 100 francs. 

This volume is also labelled the second edition of Brillouin’s “Théorie des Quanta” and is 
the outgrowth of his lectures at Wisconsin and Paris. It is a completely different book from the 
first edition, and twice its size. 

The analysis is throughout by means of the old quantum theory, although the moiifica 
tions in the fermulas demanded by the new mechanics are often cited. There will doubtless be 
certain readers who will spurn the volume on this account, but in our opinion such an attitude 
towards the old theory is a mistake when carried too far. Calculations in the new quantum 
mechanics are often more thoroughly understood if their parallels in the old theory are compre- 
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hended, and it is only human nature to like models which one can picture, even though the 
picture is in reality only an asymptotic one appropriate to large quantum numbers. In par- 
ticular, the model employed includes the electron spin, and so is vastly superior to the usual 
“classical” treatments in which spin is neglected. It is especially gratifying that the book in- 
cludes a simple derivation of the “Thomas factor” 2 in the relativity-spin doublets, as the 
Thomas-Uhlenbeck model of the hydrogen atom appears to have become a little too completely 
forgotten in favor of the more rigorous and elegant but less easily visualized Dirac “quantum 
theory of the electron”. 

The first half of the volume is on the dynamical technique of the old quantum theory and 
includes such subjects as Larmor’s theorem, action variables, adiabatic invariance, etc. Chap. 
\ IIT is welcome as an elementary presentation of the relativistic modifications of the standard 
theorems of analytical mechanics. 

The second half is on the theory of spectral lines, and includes such subjects as multiplet 
structures, the Zeeman effect, etc., somewhat along the lines of Pauling and Goudsmit’s book, 
but with less emphasis on detail in non-hydrogenic spectra. In particular very little is said 
about the normal terms, etc., characteristic of the various groups of the periodic table, as em- 
bodied in the well-known theory of Hund. All told, however, the book gives a very readable 
introductory account of the basic features of the “vector model,” and is, of course, written in 
Professor Brillouin’s characteristic, lucid style. 

J. H. Van VLECK 
University of Wisconsin 


Die Quantenstatistik und Ihre Anwendung auf de Elektronentheorie der Metalle Lfon 
Brittourn. Pp. 530, figs. 57. Verlag Julius Springer, Berlin, 1931. Price, RM 42, bound RM 
43.80. 

The original French edition of this valuable book has already been reviewed by Professor 
Houston in this journal (vol. 36, p. 1674), so that it will suffice for us to comment on the new 
features of the subsequent German one. Some new material has been inserted on the Hall and 
other magnetic effects and on Dirac’s method of the variation of constants, but by far the 
greatest alteration is the addition of about one hundred pages in Chap. VIII, called “evaluation 
of the mean free paths of electrons”. This addition will be particularly welcomed by those who 
have attempted to digest the rather difficult but important papers of Bloch, Peierls, and Nord- 
heim on the interaction between electrons and the solid’s elastic vibrations. An understanding 
of this interaction is necessary in order to interpret theoretically the temperature variation of 
thermal and electrical conductivity. The new pages involve a critique of these papers and also 
introduce some original work which Professor Brillouin has apparently not published else- 
where. In particular he shows that the anomalous collisions postulated by Peierls lead to a JT? 
(instead of a T~* or T~*) law for the electrical conductivity at low temperatures, in contradic- 
tion to experiment. Consequently Brillouin cites certain reasons why the anomalous collisions 
may not be as important as supposed by Peierls, thus restoring the original Bloch T~ law. In 
the new appendix III Nordheim’s method of free path analysis is compared with Brillouin’s 
own method, which was obtained independently and is somewhat analogous. Appendix III also 
contains still further discussion of Peierls’ assumptions. 

J. H. VAN VLECK 
University of Wisconsin 


The Practice of Spectrum Analysis with Hilger Instruments. Pp. 62, figs. 6. Fifth edition. 
Adam Hilger, London 1931. Price 3s 6d. 

This booklet is written for the assistance of the laboratory worker as well as for the infor- 
mation of those concerned with chemical analysis regarding the aid which they might obtain 
by the use of spectroscopic equipment. The types of problems to which spectroscopic methods 
are applicable are discussed in the first chapter. Following this, the equipment and experimental 
technique are treated briefly. Finally, methods of qualitative and quantitative analysis are 
outlined. The principal additions appearing in this new fifth edition are discussions of specific 
problems as practical illustrations of the text material, and a bibliography. 

JosEPH VALASEK 
University of Minnesota 
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Foundations and Methods of Chemical Analysis by the Emission Spectrum. WALTER GER- 
LACH AND EUGEN SCHWEITZER. Pp. 123, figs. 53. Adam Hilger, London 1931. Price 12s 6d. 


This book, which is a translation from the German, is a critical survey of the field of 
chemical analysis by the emission spectrum. The many difficulties and pit-falls are carefully 
treated, quite in contrast with the usually optimistic treatment of the subject by those who 
have spectrographs to sell. The authors have made numerous analyses of various kinds to test 
their ideas. This work shows that a technique of spectrographic analysis may be devised which 
will give very accurate quantitative results without excessive difficulty. The authors particu- 
larly favor the method of “homologous lines” which they have developed. This method seems 
to be very good and it is discussed at considerable length with many examples. A number of 
useful tables are given. This is an outstanding contribution to the subject of chemical spectrum 
analysis. 

JoseEPH VALASEK 
University of Minnesota 
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PROCEEDINGS 
OF THE 
AMERICAN PHYSICAL SOCIETY 
MINUTES OF THE NEW ORLEANS MEETING, DECEMBER 29-30, 1931 


The 33rd Annual Meeting (the 175th regular meeting) of the American 
Physical Society was held in New Orleans at Tulane University on Tuesday 
and Wednesday, December 29-30, 1931, in affiliation with Section B-Physics- 
of the A. A. A. S. The presiding officers were Dr. W. F. G. Swann, President 
of the Society, Professor H. A. Erikson, Dr. kK. kK. Darrow and Dr. E. A. Eck- 
hardt. There were about 200 physicists in attendance at the meetings. 

The annual joint session with Section B and the American Meteorological 
Society was held on Wednesday morning. The presiding officer was Professor 
Bergen Davis, Vice-president of Section B. The Retiring Vice-president, 
Professor F. Kk. Richtmyer, delivered an address on “The Romance of the 
Next Decimal Place” and he was followed by Dr. H. H. Kimball of the U.S. 
Weather Bureau, who spoke on “Solar Radiation as a Meteorological Fac- 
tor”. The attendance at this session was about 150. 

On Tuesday morning and afternoon there were Mathematical Symposia 
held as joint sessions of the American Physical Society with the American 
Mathematical Society and Section A of the A. A. A. S. In the morning there 
were two invited papers, (1) “Stability and Instability of Physical Systems” 
by G. D. Birkhoff of Harvard University; (2) “The Significance of the Funda- 
mental Concepts of Modern Atomic Theories” by W. F. G. Swann, of the 
Bartol Research Foundation. In the afternoon the papers were (1) “The Cal- 
culus of Variation of the Quantum Theory” by G. A. Bliss of the University 
of Chicago, and (2) the annual Josiah Willard Gibbs Lecture on “Statistical 
Mechanics and the Second Law of Thermodynamics” by P. W. Bridgman of 
Harvard University. These sessions were held in Dixon Hall on the Newcomb 
Campus and the attendance at the morning session was about 250 and in the 
afternoon about 275. 

On Wednesday afternoon there was a joint session of the American Physi- 
cal Society with Section E of the A.A.A.S. and the American Society of 
Petroleum Geophysicists. This was a Geophysics Program arranged and 
presided over by E. A. Eckhardt of the Gulf Research Laboratory. About 60 
were in attendance. 

The annual dinner of the Society was held on Wednesday evening at 6:30 
o'clock as a joint dinner with the Geophysicists, the Meteorologists, and the 
American Association of Physics Teachers. There were 100 present and W. F. 
G. Swann presided. The guests left the dining room at the Roosevelt Hotel 
and went to the Municipal Auditorium to attend the meeting held in honor of 
the late Thomas A. Edison. President Swann presided at this meeting and the 
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speakers were Frank B. Jewett, Charles Edgar of the Boston Edison Electric 
Illuminating Company, R. A. Millikan and kK. T. Compton. 

Annual Business Meeting. The regular annual business meeting of the 
American Physical Society was held on Wednesday morning, December 30, 
1931 at 9:30 o'clock in the Chemistry Building at Tulane University. The 
meeting was presided over by W. F. G. Swann who delivered the Presidential 
Address on “Reality in Physics”. The President had appointed Professors 
Anthony Zeleny and C. W. Chamberlain to canvass the annual ballots. They 
reported the following electons for the year 1932: 

President—\V. F. G. Swann 
Vice-president—Paul D. Foote 
Secretary—\\. L. Severinghaus 
Treasurer—George B. Pegram 
Managing Editor—John T. Tate 
Members of the Coun-|—F. L. Mohler 


cil four year term {—J. H. Van Vleck 
Members of the Board })—R. C. Gibbs 

of the Physical Review ,—E. O. Lawrence 
three year term —J. H. Van Vleck 


The ballots also showed an almost unanimous approval of the following Modi- 
fications of the Constitution which had been recommended by the Council: 


A. Change Article VI, paragraph 2 to read as follows: “The Managing Edi- 
tor‘and such other elected and appointed members as the Council may 
from time to time designate shall constitute the Board of Editors, and 
shall have charge, as designated by the Council, of the several publica- 
tions of the Society. Not fewer than ten members of the Board of Edi- 
tors, including the Managing Editor, shall be elected in the manner 
specified in Article VII.” 
B. Insert after Article VII two new Articles as follows: “Article VII I—Sec- 
tions 
1. Members and fellows residing in any locality may, with the approval 
of the Council, organize a local Section for the more active furtherance 
of the object of the Society as stated in Article II. 

2. Any Local Section of the Society may be dissolved at the discretion of 
the Council.” 
C. Article 1X—Divisions 
1. “The Council may, upon petition by members of the Society, form a 
Division within the Society charged with the advancement and dif- 
fusion of the knowledge of a specified subject or subjects in physics. 

2. Each Division shall elect an Executive Committee, the Chairman of 
which shall report its activities and needs to the Council. 

3. Any Division may be dissolved at the discretion of the Council.” 

The insertion of Articles VIII and IX will automatically change the num- 

ber of the Article on Amendments from VIII to X. 
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The Secretary reviewed the four important resolutions passed at the last 
Annual Meeting (Proceedings, Physical Review, 37, 454,(1931)) and reported 
that during the year they had all been carried out. The Secretary further 
reported that during the year there had been 168 elections to membership, 
deaths of 11 members, 26 resignations and 31 who had been dropped. The 
membership of the Society as of December 29, 1931, is as follows: Members: 
1882; Fellows: 679; Honorary Members: 6; Total Membership; 2567. 

The Treasurer presented a summary of the financial condition of the 
treasury of the Society. The complete audited report has been printed and 
distributed to all members. 

The Managing Editor presented a statement of the condition of the Physi- 
cal Review and the Reviews of Modern Physics and the new journal, Physics, 
established within the year. The journals are all being well received with a 
very considerable increase in the amount of material published. The com- 
plete audited statement which has been printed and distributed to all mem- 
bers shows that the three journals, as a combined venture, present a deficit 
for the year of more than $6000. This deficit is being covered very largely 
through the generosity of the Chemical Foundation. 

Meeting of the Council. At the meeting of the Council held on Monday, 
December 28, 1931, twenty-four persons were elected to membership. Elected 
to Membership: Robert I. Allen, Luang Brata, Fukita Buntaro, Elizabeth 
Cohen, H. Richard Crane, John M. Davies, John H. Dodge, Jr., Willis 
Fleisher, Jr., Frederic E. Fuller, John A. Gillin, Monica Healea, Herrick L. 
Johnston, Norris Johnston, Frank E. Knowles, David B. Langmuir, 0. C. 
Lester, Jr., Paul E. Lloyd, C. R. Moe, William R. Perret, Rudolph E. Peter- 
son, Robert D. Richtmyer, Philip Rudnick, George B. Sabine and John H. 
Williams. 

The regular scientific program of the Society consisted of 64 papers. Num- 
bers 1, 10, 13, 17, 31, 32, 36, 43, 58, 59, 60, 61, 63, and 64 were read by title. 
The abstracts of these papers are given in the following pages. An Author 
Index will be found at the end. 

W. L. SEVERINGHAUs, Secretary 


ABSTRACTS 


1. Thermal expansion of heat-resisting alloys. PerER HipNeERT, Bureau of Standards, 
Washington, D. C—A comprehensive investigation on the linear thermal expansion of various 
heat-resisting alloys (nickel-chromium, iron-chromium and nickel-chromium-iron alloys) has re- 
cently been completed. These alloys contain 0 to 77 percent nickel, 5 to 27 percent chromium, 
and 0 to 82 percent iron. The coefficients of expansion of the alloys were determined for various 
temperature ranges between 20 and 1000°C, and the effects due to temperature, chemical com- 
position, heat treatment, etc., were determined. Some of the expansion curves show critical 
regions. The data are useful in several ways. It is possible to select heat-resisting alloys which 
have the same coefficients of expansion for a given temperature range as other materials, for 
example, brass, copper, porcelain, steel, etc. It is possible to predict the coefficients of expansion 
of similar new alloys. It is also possible to determine the heat treatment suitable for each type of 
alloy for a specific purpose as governed by the desired structure. The data (including names and 
chemical compositions of the alloys) will be published soon in Research Paper of the Bureau of 
Standards No. 388. This publication will be available through the U. S. Government Printing 
Office, Washington, D. C., or at Government depository libraries in many cities. 
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2. Heat treatment of fine metallic suspensions. N. N. ZiRBEL AND A. B. Bryan, The Rice 
Institute-——When a suspended system is supported by a fine wire the equilibrium position 
usually changes slowly for a long time after the load is applied. The equilibrium position also 
changes with temperature. It is found that both of these disturbing factors can be eliminated by 
a suitable heat treatment of the wire. Observations have been made on tungsten and platinum- 
iridium wires of sizes suitable for use in the Eotvos torsion balance. 


3. The effect of Brownian motion on the useful sensitivity of the resonance radiometer. 
G. A. VAN LEar, Jr., University of Oklahoma and J. D. Harpy, National Research Fellow, 
University of Michigan.—A general treatment of the effect of Brownian motion on the useful 
sensitivity of the resonance radiometer is given which takes into account the effect of electro- 
magnetic damping. The treatment follows the lines of that given by Hardy in his first paper on 
the instrument, but is carried through in general terms (the assumption of constants for a 
specific instrument is not necessary, as heretofore), and leads to a result which depends upon, 
aside from the temperature, only the resistance of the instrument and the time required to take 
an observation. When expressed in these terms, the limitation is practically identical with that 
for the critically-damped galvanometer. Results are also given for certain variations of the in- 
strument as originally described, the limitation found being virtually the same in all cases. 
However, the advantages remaining to the resonance radiometer for high sensitivity work are 
pointed out. 


4. A kinetic theory of the elasticity of highly elastic gels. E. KARRER, Medical School, 
Western Reserve University.—Studies of several physical properties of colloid systems point to 
general theory to account for the great elasticity of rubbery gels. Fluidity, ¢=A—g/T. T is 
temperature; g, energy factor; A, number of moving elements, etc. Changes of constants, A and 
qg with concentration and mastication suggest long filamentous molecules of rubber hydro- 
carbon, that may entrain much solvent. To account for change of viscosity with mechanical 
agitation (thixotropy) interplay between chaotic forces of thermal agitation, and of local asym- 
metrical orientating forces of attraction of molecules or particles is envisaged. Orientating forces 
are adsorptive, but may be those of primary valence, as in litharge-glycerine, electric charges; or 
may be mechanical, as in stretching and flowing of rubber, or magnetic. Rubber and muscle 
contain long thin molecules, which in thermal equilibrium are anything but straight. (This may 
be called a principle of maximum mechanical or geometrical chaos.) Stretching forces pro- 
duce straightness and tautness. Lateral cohesive forces must be less than end-on forces. Stiffness 
and rididity depend also on shape of molecules. Side chains and polar groups affect this mark- 
edly, as evidenced by studies of nature and measurement of frictional forces. Stretching elim- 
inates longitudinal degrees of thermal freedom, therefore, heating. 


5. An extension of the application and interpretation of the Faraday fluxes. ANTHONY 
ZELENY, University of Minnesota.—The elemental electric fields about electrons and protons 
are treated as physical entities and inseparable parts of the individual charges. These elemental 
fields extend indefinitely, interpenetrate freely, and possess inertia and power to transmit 
energy. An observed electric field is the resultant of such superposed elemental fields which re- 
tain their individual identities. A magnetic field is a property of a moving electric field which it 
possesses by virtue of motion. The term magnetic flux applies to this property and not to an 
independent physical entity. The magnetic field about a conductor exists without an apparent 
electric field because the resultants of the two kinds of elemental fields neutralize each other's 
action on electric charges at rest. Accelerating electrons in a conductor produce a distortion in 
their resultant negative field. This distortion has an electric component whose action on charges 
is not neutralized by the opposing positive field. It carries energy outward which it continues 
to transmit to the as yet stationary part of the field giving it velocity and thereby the property 
of a magnetic field. The observed intensities of the magnetic fields about loops and charged 
rotating spheres show that the elemental fields move with their lines of force always parallel to 
themselves. These facts and points of view enable the well established facts of electricity and 
magnetism to be clearly explained in terms of definite physical concepts. 
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6. On the origin of the solar system. Ross Gunn, Naval Research Laboratory.—-A new 
account of the formation of the solar system, based on the rotational evolution of a single star, 
is given which describes the system in some detail and avoids the major difficulties encountered 
by earlier investigators. Electromagnetic etfects have been shown by the author to permit the 
angular velocity of a star to increase until the star breaks into two components of comparable 
mass. The component stars are thermally asymmetrical and momentum is radiated more rapid- 
ly from the hot face than from the cool. This important new effect, which is quantitatively satis- 
factory, adds kinetic energy and angular momentum to the companion stars (in a manner 
analogous to the mechanism of a skyrocket) and may operate to separate the stars to infinity. 
Applying this to the solar system, the parent semiliquid sun is supposed to have divided and lost 
its companion. While each companion was inside the Roche limit of the other centrifugal and 
tidal forces broke off the planets. These in turn immediately broke up and formed the planetary 
satellites. Tides and tidal couples transferred the momentum of axial spin of the two component 
stars to that of orbital momentum, while the planets because of their small size largely escaped 
the effects of this process. Planetary rotations play an important role in the theory. The ac- 
count replaces the earlier improbable and ‘accidental’ theory by a systematic evolutionary 
process which is probably quite common in the Universe. 


7. Resistance bridge thermometer. Loraine DreCHERD AND ARNOLD ROMBERG, Uni- 
versity of Texas.—A resistance thermometer intended as a secondary standard is described, in 
which all four branches of the bridge, two of copper and two of manganin, are at the tempera- 
ture of the bath. All resistances are permanently joined by hard solder or welds, with multiple 
leads, and mounted on a rigid support. Moving contacts and flexible resistances are absent. The 
thermometer is simpler to use than other resistance thermometers, and requires no auxiliary 
apparatus other than battery and galvanometer. The last two figures of a temperature are read 
by deflection. Simplicity of calibration is secured by equality, at all temperatures, of the two 
parallel branches of the bridge between galvanometer terminals. 


8. Production and recording of continuous seismic waves in the ground. W. R. RANsOoNE, 
University of Texas. (Introduced by Arnold Romberg.) —The first recorded data on the transmis- 
sion of continuous seismic waves of variable frequency are presented. A discussion of the ap- 
paratus used and method of setting up the waves in the ground and recording them is given. The 
records indicate that the velocities of the continuous waves are not the same as that of the 
first impulses from impact (dynamite) excitation; that interference patterns exist, and that the 
ground may be resonant to some frequencies. Feasibility of using the method of continuous 
waves in geophysical exploration is suggested. 


9. A simple ultracentrifuge. J. W. Beams, University of Virginia.—The method of ro- 
tating the centrifuge is a modification of that used by Henriot and Huguenard, (C.R. 180, 1389 
(1925) and J. de Phys. et Rad. 8, 443 (1927)), and similar to one previously described for obtain- 
ing high rotational speeds, (Rev. Sci. Inst. 1, 667 (1930) and Science 74, 44 (1931)). A simple ar- 
rangement has been devised by which the light absorption and approximate index of refraction 
of the materials being centrifuged can be measured as a function of the distance from the axis 
of rotation of the rotor at full speed. Mounted in a channel cut along a diameter of the top of the 
rotor is a Pyrex or quartz rod polished flat on its ends. The rod is ground along a narrow strip 
parallel to its axis which appears illuminated when light enters from either end. Above and next 
to this strip is mounted a Pyrex tube containing the substances under investigation, through 
which the strip is observed. With this arrangement centrifugal forces of the order of 10° gravity 
have been obtained. However, this should not be the upper limit for with small all-metal rotors 
forces of the order of a million gravity have been obtained under favorable conditions. Simple 
methods of measuring the approximate temperature and rotational speed are discussed. 


10. A laboratory apparatus for the determination of the acceleration of a freely falling body. 
P. H. Carr AND R. M. Bow1e, Jowa State College, Ames, Iowa.—There has been a need for an 
inexpensive, laboratory method for determining the acceleration of a freely falling body. Such a 
device has been developed for use in our elementary course. This apparatus is composed of only 
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such things as Ford coils, electric lamps and potassium iodide soaked paper and operates on 
110 v, 60 cycle, alternating current. A ball, suspended from an electromagnet, is released by a 
key. During the time of fall, spots are made at the rate of 120 per second on the potassium iodide 
paper. At the end of the fall the ball opens a switch, thus concluding the record. In the hands of 
elementary students results obtained by this method agree with the accepted value to within 
two percent. 


11. Spatial energy decay due to absorbing boundaries. H. H. GeRMoND, University o1 
Florida.—A fundamental error in Franklin’s derivation of the spatial energy decay due to ab- 
sorbing boundaries is demonstrated and corrected. The average energy density over the surface 
is derived in terms of the average throughout the space. 


12. Note on the transmission and reflection of wave packets by potential barriers. L. A. 
MacCo.., Bell Telephone Laboratories.—In previous studies, by the methods of wave me- 
chanics, of one dimensional motion of particles in cases in which there are intervals in which the 
value of the potential energy function V(x) exceeds the value of the total energy E, attention 
has been confined to wave functions of the form f(x, E) exp (—2ziEt/h). In the present note 
wave packets are considered, instead of these trains of waves. The function V(x) is taken as 
follows: V(x) =0 for x <0 and for x >a, and V(x) = Vo>0 for 0<x<a. A wave function is set up 
which initially represents a wave packet moving toward the point x=0 from the left. The 
separation of the incident packet into a reflected packet and a transmitted packet is studied. 
It is found that the transmitted packet appears at the point x =a at about the time at which the 
incident packet reaches the point x =0, so that there is no appreciable delay in the transmission 
of the packet through the barrier. 


13. Quantum mechanics of lithium hydride. Morris Muskat, Gulf Research Laboratory, 
AND ELMER Hutcuisson, University of Pittsburgh—Quantum mechanical calculations have 
been carried through for the normal state of the lithium hydride molecule. Two cases were con- 
sidered. First, the radial eigenfunction of the valence electron of lithium was taken as nodeless 
as given by Slater. Second, the function derived by Guillemin and Zener with a node at 0.1840 
wus used. In both cases the A electrons of lithium were neglected. The results are as follows: 


Equilibrium Heat of Fundamental 
Type of distance dissociation frequency 
eigenfunction in Angstroms electron volts/molecule in cm 
Slater 1.427 2.30 1.4 10° 
Guillemin and Zener 1.454 es 1.4 10° 
Experimental values 1.6 2.56 1.380 x 10° 


These results are seen to be in reasonable agreement considering the approximations made, and 
justify at the same time the use of the simpler and nodeless Slater functions in other calcula- 
tions. 


14. The absorption and emission of sodium light by sodium flames. T. W. BonNER, The 
Rice Institute. (Introduced by H. A. Wilson.)—The variation of the luminosity of a sodium 
flame with the concentration of the sodium and the thicknes of the flame has been measured 
with a spectrophotometer. The flame more than filled the angular aperture of the photometer so 
that the distance of the flame or parts of it made no difference. In agreement with previous 
work by Gouy, H. A. Wilson and G. L. Locher it was found that the luminosity is a function of 
the product of the concentration and the thickness or of the mass (./) of sodium per cm?. This 
function is proportional to M when M is very small but increases less rapidly than M when M is 
large. It is only very roughly proportional to M™?, These results do not agree with the recent 
ones of C. D. Child, (Phys. Rev. 38, 670 (1931)). Reasons for this discrepancy are suggested. 


15. Excitation of atomic mercury by electron impact. W. G. PENNEY, University of 
Wisconsin. (Introduced by J. H. Van Vleck.)—The probability of excitation by electron impact 
of the four P levels (2'P,, 2°P2, 2°P,, 2°Po) of Hg has been calculated. It is found that, although 
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with increasing velocities the excitation of two of the triplet levels vanishes compared with that 
of the singlet, that of the middle triplet level approaches a small constant value, which can be 
computed from the singlet-triplet separation. An estimate is made of the relative excitation of 
all four P levels for fairly slow electrons, and these are all of the same order of magnitude. A 
brief comparison with experiment is given. 


16. The Zeeman effect of the K II spectrum. ALBERT E. Wuitrorp, University of Wis- 
consin.—The Zeeman effect of the p°-4p—>p*- 4s transitions of K II has been studied in an effort 
to throw light on the failure of the p®*- 4s configuration to obey Houston’s multiplet relations and 
of the *P;—*P, interval to follow the regular doublet law. The magnetically resolved lines from 
a Back vacuum arc were photographed in the 3rd order of a 21 ft. 15,000 line concave grating in 
a Rowland mounting. Not all of the Zeeman patterns were completely resolved, but g values 
were obtained from triplet and quartet blends by the method of Shenstone and Blair. Analysis 
of the results showed that the classification of deBruin and Bowen is correct. The g values of the 
p terms follow closely those found by Back for Ne I and obey the g sum rule within the limits of 
experimental error. The g sums for the s terms based on completely resolved patterns are def- 
initely greater than those predicted by the sum rule. The g sum rule would not be expected to 
hold if the anomalous intervals among the terms labeled p*-4s are caused by interaction be- 
tween the configurations p*-4s and p*-3d. The levels of these configurations overlap in K II 
and also in Rb II, where a similar anomaly has been noted. 


17. Pressure shift of spectral lines. HENRY MARGENAU, Yale University——The pressure 
shift of spectral lines, unexplained by the usual theories of pressure broadening, together with 
other interesting effects of pressure upon the appearance of absorption lines, can be adequately 
treated on the basis of the following theory, the details of which are worked out for the absorp- 
tion of \2537(Hg) in foreign gases. (Experiments by F iichtbauer, Joos, and Dinckelacker, Ann. 
d. Physik 71, 204(1923).) The wave mechanical interaction energy between an Hg atom and an 
unexcited foreign atom is computed as a function of the distance of separation (1) for the case 
in which the Hg atom is unexcited, (2) when the Hg atom is in the 22 level. The perturbation 
energy is in both cases proportional to 1/R®, but the coefficient in case (2) is larger. This implies 
that, on the average, the energy difference between the two states of the Hg atom is slightly 
smaller than that corresponding to \2537A (red shift). Statistical considerations permit an 
estimate of the shift and broadening, the results being in satisfactory agreement with experi- 
ment. The shift is proportional to the density of the perturbing gas. The theory allows blue 
shifts in cases which, apparently, have not been tried experimentally. 


18. Active nitrogen. JoseEPpH KapLAn, University of California at Los Angeles.—Striking 
similarities are pointed out between two independent experiments on active nitrogen. The first 
experiment is the production of metastable nitrogen molecules in nitrogen-mercury mixtures, by 
the quenching of the second positive bands of nitrogen by mercury atoms (Phys. Rev. 37, 226, 
(1931)),and the second one is the production of the nitrogen afterglow in uncondensed discharges 
(Phys. Rev. 37, 1004, 1931). Although no visible glow was observed in the Hg-N2 experiments, 
the presence of active nitrogen was shown by the excitation of the violet cyanogen bands, the 
cyanogen having been produced in the discharge-tube reaction CO + N(?7D) =CN +0.Thestrong 
second-positive bands of Ne, which are always very intense in the usual active-nitrogen produc- 
ing discharges, were nearly completely missing in these experiments. There was a strong en- 
hancement of certain band heads of the first-positive group of Ne, which has been correlated 
with predissociation. The appearance of the afterglow in the uncondensed discharge is probably 
due to the change in surface brought about by constant running of the tube. The main signifi- 
cance of these experiments lies in the fact that the afterglow has been produced under condi- 
tions which disagree violently with the ones usually necessary for the production of active ni- 
trogen. 


19. The wave-length of the molybdenum and copper K series. J. A. BEARDEN, Johns 
Hopkins University—The quantum theory of dispersion as developed by Kronig, Kramers, 
Kallman and Mark may be written for incident frequencies v greater than the natural frequen- 
cies v, of the refracting electrons in the form 








AMERICAN PHYSICAL SOCIETY 861 


sonlt.2.2¢ log (2° — 1) _ “my 

nae E m 37 Ne wid x? 2 

where 6=1—y, p the density, w the molecular weight, e/m the ratio of charge to mass of the 
electron, F the Faraday constant, NV, the number of electrons per molecule of natural frequency 
Vs, X=v/vs, G=k/v, where k is the damping factor which can be obtained from the atomic ab- 
sorption coefficient. The value of the bracket term is independent of small changes in » and »,. 
Since the x-ray wave-lengths, as determined by crystals and ruled gratings, differ by 0.25 per- 
cent, we may use this relation to indicate which is correct. The writer has recently made some 
precise measurements of the refraction of the molybdenum and copper XK series in a prism of 
quartz. The results are given in the following table. 


Method 5X 10° \(Dispersion) (Crystal) \(Grating) 
1 8.553 1.536A 1.538A 1.542A 
1 6.971 1.388 1.389 1.392 
2 8.560 1.537 1.538 1.542 
2 6.976 1.388 1.389 1.392 
1&2 1.805 0.7089 0.7093 0.7109 
1&2 1.432 0.6315 0.6314 0.6328 


It is difficult to believe that such an agreement between the wave-lengths as determined by dis- 
persion and by crystals is entirely fortuitous. Thus it appears that the optical diffraction theory 
is not valid when applied to x-ray wave-lengths. 


20. A ruler and chart method of interpreting x-ray oscillation photographs and an applica- 
tion to cerussite. LuciEN LACoste, University of Texas. (Introduced by M. Y. Colby.)—A 
ruler and chart method of obtaining the reciprocal lattice projections of planes appearing on an 
oscillation photograph has been devised. The method is similar to Gruner’s (Amer. Min. 13, 123, 
(1928)) except that it eliminates all calculations and reduces the probability of working errors 
without any loss of accuracy. Planes whose indices are uncertain are identified, by determining 
the Bragg angle. This is done by taking oscillation photographs by a method in which the photo- 
graphic plate is oscillated in synchronism with the crystal about an axis prependicular to the 
photographic plate. A comparison of this type of photograph with the usual type gives the 
Bragg angle. This method of identifying planes of uncertain indices can also be used in conjunc- 
tion with Bernal nets (Proc. Roy. Soc. L. 113A, 116). The ruler and chart provide a simple 
means of making these nets. The ruler and chart method has been used in a study of cerrussite 
with the following results: 

a=5.17A, b=8.47A, c=6.13A. 


The unit cell contains four molecules. The space group is 2Di— 106. 


21. X-ray diffraction patterns of mixtures. M. Y. Co_sy, University of Texas.—Experi- 
ments have been carried out to duplicate those of Roy W. Drier (Phys. Rev. 37, 712, 1931), in 
which powder photographs of mixtures of Zn and Cu at room temperature invariably exhibited 
eight lines that did not appear on the composite diffraction pattern of the components. These 
extra lines were attributed to a-brass. By using freshly prepared zinc and copper filings (200 
mesh) sealed in Pyrex capillary tubes, powder photographs have been obtained with the Gen- 
eral Electric x-ray diffraction apparatus. They show no extra lines. In agreement with Kenney 
and Aughey, (Phy. Rev. 38, 1388, (1931)) the photographs of the mixture are identical with the 
composite photographs of the components in every case. Using a mixture of freshly prepared 
copper dust and old zinc dust, eight lines appear, belonging to neither Cu nor Zn. These “extra” 
lines, however, correspond exactly to the eight strong lines or zinc oxide. 


22. Crystal structure of ammonium bicarbonate. R. C. L. Mooney, University of Chicago. 
—xX-ray data obtained from laboratory-grown crystals, of NH 4HCOs; show that the symmetry 
is orthorhombic, the unit cell dimensions are a=7.29 A.U, b=10.79 A.U, c=8.76 A.U; there are 
eight molecules in the unit cell, and the space group is Pccn (V,'°). Groth gives the axial ratios 
as 0.6726:1:0.3998. Those obtained experimentally are 0.676:1:2 (0.406). Relative intensity 
considerations indicate that the CO; groups in the structure lie approximately in planes parallel 
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to the a-face, in agreement with reported optical properties. (Birefringence and orientation of 
optical axes.) The hydrogen atoms cannot be fixed by means of intensity data, but there is 
strong evidence that those not belonging to the NHy groups lie between oxygens of different 
COs groups. The dimensions of the CO; groups are, within the limit of the observations, essen 


tially the same as in the normal carbonates. 


23. The change in thermal e.m.f. produced by a magnetic field. H. FE. Banra, Rice 
Institute. (Introduced by C. W. ITeaps.) ~The change AE, due to a magnetic field /7, of & the 
e.m.f. of a thermocouple is measured in these experiments. A commutator rotating at constant 
speed allows a current to flow through the couple, thus producing a temperature gradient be- 
tween the junctions by the Peltier effect. This exciting current is then cut off by the commuta- 
tor, and the couple connected to a very sensitive potentiometer for a short time. This process is 
automatically repeated every 2.5 seconds. The potentiometer is adjusted so that when the cou- 
ple is connected to it the galvanometer does not jump. The two junctions are copper on a 
metallic crystal. The quantity AZ E is determined as a function of magnetic field, of tempera- 
ture, of direction of field, direction of crystal axis, and of direction of heat flow. The present 
experiments are on a pure bismuth crystal; it is proposed to extend the investigation to other 
crystalline metals. 


24. Low frequency vibrations in Rochelle salt and quartz plates. W. G. Capy, IVesleyan 
University. In continuation of previous work (Phys. Rev. 33, 278 (1929)) observations of fre- 
quency have been made on Rochelle salt resonators with flexural vibrations in planes perpendic- 
ular to all three axes and with torsional vibrations about the Y axis. Best values to date for 
Young’s modulus parallel to the Y, Y and Z axes are 1.99 +0.06, 2.88 +0.06, and 2.91 +0.01, 
respectively, all multiplied by 10" dynes ‘em?. For bars at 45 degrees to the 1Z, ZX and XY, 
axes, the values are 3.02, 0.98 and 2.5210". The observed rigidity appears to be only 0.49 
+10", The temperature coefficient of frequency is very large, from 400 to 1400 parts in a mil- 
lion per degree C. However, for bars at 45 degrees to the V and Z axes, the frequency-tempera- 
ture curve has an inflection between 21 and 22 degrees C, so that for a narrow range of tempera- 
ture the coefticient is practically zero. Similar frequency tests have been made with quartz 
resonators, using flexural vibrations in planes perpendicular to all three axes, also torsional 
vibrations about the } and Z axes. A quartz flexural vibrator 9.3 cm long has been made to 
serve as a master oscillator at only 3000 cycles ‘sec. 


25. Further study of effects of intense audio-frequency sound. NEWTON GAINES AND 
Lesiie A, CHAMBERS, Texas Christian University.—The magnetostrictive nickel tube vibrator 
mentioned in Abstract 42 (Phys. Rev. 37, 109 (1931)) has been improved. Explosive rupture of 
water fleas due to one second’s exposure to the sound has been observed. The bactericidal effect 
has been extended to organisms present in raw milk, and there has been developed a device for 
the continuous sterilization of milk by sound. 


26. The production of high speed protons without the use of high voltages. Ernest O. 
LAWRENCE AND M. STANLEY LiviInGston, University of California.—A method for the multiple 
acceleration of charged particles to high velocities described recently before this society (E. O. 
Lawrence and M.S. Livingston, Phys. Rev. 38, 834 (1931)) has now been brought to a stage of 
development where it can serve in experimental studies of atomic nuclei. The present experi- 
mental arrangement automatically focusses the beam of ions all along their spiral paths as they 
are successively accelerated; practically no ions are lost in the course of acceleration. With the 
present apparatus, currents of about 10~° amp. of 1,100,000 volt protons have been generated. 
A larger apparatus is under construction for the production of protons having greater kinetic 
energies. 


27. Current-voltage and thermal characteristics of the copper oxide rectifier. \V. B. 
PIETENPOL AND G. W. PRESNELL, University of Colorado.—It has been suggested (Gentry, 
Science, Sept. 23(1927)) that the relation between current and voltage for the copper oxide recti- 
fier may be represented by the space charge equation, J=kV*'?, Measurements have been 
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made over a wide range of voltages and the slope of the logarithmic curve indicates that the 
space charge equation applies to a reasonable degree of accuracy for high voltages. At very low 
voltages Ohm's Law is obeyed while at intermediate voltages, slopes of 0.8 and 4, in the high 
and low resistance directions respectively, indicate the influence of an additional factor. The 
application of a temperature gradient to the copper, copper-oxide surface produces a current 
in the direction of heat flow. The temperature gradient resulting from the passage of a current 
therefore tends to aid the rectification, and this factor is suggested as an explanation for the 
variation in the slopes of the curves at intermediate voltages. A careful determination of the 
Variation in resistance with temperature at extremely low voltages has been made. The results 
obtained by previous experimenters have been verified for ordinary voltages. 


28. Generation of combination and harmonic frequencies by linear and non-linear vacuum 
tube circuits. C. P. Boner AND Marian O. Boner, University of Texas. —An audible beat 
method is used to measure amplitudes of the components of alternating current in a triode when 
the grid circuit contains electromotive forces at two frequencies. With resistance load in the 
plate circuit, current at the summation and difference frequencies are equal in amplitude, re- 
gardless of the equation of the characteristic. By using a parabolic section of the characteristic, 
measured amplitudes of these combination currents check theoretical values. As the dynamic 
characteristic is straightened by addition of impedance in the plate circuit both combination 
currents disappear, and no tone at a “beat frequency” remains. Results indicate that there is no 
“beat tone” generated in a receiving system, linear or non-linear. Further, the output of a va- 
cuum tube amplifier stage contains a far smaller percent of harmonic and combination frequen- 
cies when high quality transformer coupling is used than when resistance coupling is used, pro- 
vided transformer secondaries carry no load. 


29. Harmonic analysis of the plate current in a vacuum tube circuit. S. Leroy Brown, 
University of Texas.—The harmonic components of the plate current which flows when the 
control or grid-voltage is varied sinusoidally may be determined from the operating characteris- 
tic of the tube. The operating characteristic is analyzed as a cathode ray oscillogram with the 
aid of the Wiebusch Analyzer (J.O.S. and R.S.I. 15, 355 (1927)). The analysis of a section of the 
static characteristic gives the amplitudes and phase relations of the harmonic components in 
the plate current that are produced by a sinusoidal grid voltage, the amplitude of the alternat- 
ing grid voltage and the grid bias being determined by the section of the characteristic curve 
that is selected. When there is a load in the plate circuit, the operating characteristic may be 
obtained with a cathode ray oscillograph and the analysis of the oscillogram gives the harmonic 
components of the plate current for the particular operating conditions and load impedance. 


30. The calculation of detection performance in a vacuum tube circuit for large signals. 
J. P. Woops, University of Texas. (Introduced by S. Leroy Brown.)—It is mathematically proven 
that a detector tube which has a broken straight line for its plate-current, grid-voltage static 
characteristic will detect the standard radio signal without distortion, regardless of signal 
strength. The plate detection performance of a tube having a given curve for its static charac- 
teristic can be calculated from the extended power series which represents the characteristic. 
The power series analysis of the curve is obtained from a Fourier series analysis by a method 
which saves labor and is more accurate than the method of simultaneous equations. Thus, by 
using twelve or fifteen terms of the power series instead of only the first two or three, and by 
setting up special formulae, detection performance can be calculated for any signal strength 
and any modulation. The method is applicable to the tube alone, to a circuit containing the 
tube and external resistances, and may be applied to any similar non-linear receiving system. 


31. Methods of detecting molecular rays. J. Tykocinski-TyKociner, University of 
Illinois.—The usual methods of detecting molecular beams by the use of manometers and 
thermocouples is fraught with difficulties due to galvanometer drifting which is produced by 
radiation and spurious changes in pressure. The new methods are designated to eliminate these 
difficulties by periodically interrupting the molecular beam. A vibrating or rotating shutter may 
be used for this purpose. In its simplest form the vibrator consists of a fine steel wire inserted 
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perpendicularly to the direction of the beam and actuated by an a.c. electromagnet placed out- 
side the vacuum envelope. Beside the usual types of manometric receivers, a condenser-micro- 
phone may be used, whose vibrating part consists of a wire tuned to the frequency of interrup- 
tion. By known methods of amplification any degree of sensitivity in the conversion of pressure 
variations into a.c. can thus be obtained. Also a thermocouple or a fine wire may be directly 
subjected to the bombardment of such molecular rays. Periodic variations of temperature are 
in this case converted into a.c. These methods are especially adaptable in connection with a 
selector which by its action subdivides a continuous beam into sequent groups of molecules of 
definite velocity. No additional shutter is therefore necessary when a selector is used. Two 
selectors, one for a frequency of 500, the other for 8000 per sec. are being tested in connection 
with the above methods of detection. 


32. Effect of magnetic field on reflected electron beams. E. Rupp anp L. SziLarp, 
German General Electric Co. (Introduced by E. P. Wigner.) —Electron beams with velocities be- 
tween 70,000 and 220,000 volts ‘vere reflected from crystals of heavy metals and subsequently 
subjected to longitudinal and transverse magnetic fields. The direction of polarization of the 
beam in a longitudinal field is shown to rotate according to the Larmor precession. The effect 
in the transverse field is more complicated but can be fully accounted for by the theory of the 
spinning electron. Further experiments are in progress with special reference to relativistic 
effects. 


33. The nuclear spin of caesium by the method of molecular beams. I. I. Rabi, Columbia 
University.—A beam of caesium atoms was sent through a weak and inhomogeneous magnetic 
field. The deflection pattern was observed and compared with the pattern obtained from a beam 
of potassium atoms in the same field. To obtain sufficiently large deflections a very long path 
was used (36 cm). At fields where the potassium beam is strongly split the caesium shows 
only a broadening. It is only at much larger fields that the caesium beam is split. At the tem- 
perature used the patterns should be entirely similar. The results show the presence in caesium 
of a nuclear spin which can be rather easily evaluated from a knowledge of the magnetic field and 
its gradient. 


34. An isotope of hydrogen of mass 2 and its concentration. Haro_p C. Urey, F. G. 
BRICKWEDDE, AND G. M. Murpuy, Columbia University and The Bureau of Standards.—The pro- 
ton electron plot of atomic nuclei (Urey, J. Am. Chem. Soc. 53, 2872; Johnston, ibidem, 53, 
2866) indicates that hydrogen isotopes of mass 2 and 3 may be expected to exist. The dis- 
crepancy between the atomic masses of hydrogen as determined by Aston and by chemical 
methods indicates that higher isotopes of hydrogen may be present (Birge and Menzel, Phys. 
Rev. 37, 1669 (1931)). A calculation of the relative vapor pressures at low temperatures of the 
molecules H;!, H'H?, and H'H$ from theory shows that the heavier molecules should be rapidly 
concentrated in a residue from the evaporation of hydrogen near the triple point. One of us 
(F.G.B.) prepared such a sample. The other two authors investigated it for atomic lines of hy- 
drogen atoms of masses 2 and 3. It is found that H8, Hy, and Hé are accompanied by weaker 
lines agreeing within experimental error (about 0.02 A) with the calculated positions for an iso- 
tope of mass 2. The isotope lines have about the same breadth as the main lines. These are 
found in ordinary hydrogen with intensity about 1/4000 of the main lines and in the residue 
from the evaporated hydrogen with distinctly greater intensity indicating an abundance of 
about 1/800. No evidence for the existence of H* has been found. Work on the Ha line is in 
progress. Work on the further concentration and on the molecular spectrum is planned. 


35. On the range of fast electrons and neutrons. J. F. CarLson AND J. R. OPPENHEIMER, 
Berkeley, California.—We have made calculations of the ionizing power of electrons and protons 
with velocity very close to that of light, taking adequate account of the retardation of the forces 
between the particle and the electrons in the matter through which the particle is passing, and 
of the binding of these electrons in atoms. If M be the rest mass of the particle and «Mc? its 
energy, then for very large «, (1) the number of ions produced per centimeter path increases 
with Ine, (2) the range of the particle is just one fourth of the mean distance, which, according 
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to the Klein-Nishina formula, a gamma ray of the same energy should travel before its first 
Compton scattering. We have also computed the ionizing power of the neutrons, which were 
suggested by Pauli as elements in the structure of the nucleus. The number of ions produced by 
fast neutrons is sensibly independent of the velocity, and depends only on their magnetic mo- 
ment. In conjunction with the experiments of Bothe, Kolhoerster, Rossi and Mott-Smith, the 
results (1) and (2) show that the ionizing radiation associated with the cosmic rays cannot be 
either primary of secondary electrons or protons. It is suggested that if these rays are neutrons, 
thin cloud-chamber tracks should be found accompanying the beta-ray tracks in a beta-ray 
radioactive disintegration. 


36. On the use of the Wilson cloud chamber for measuring the range of alpha particles 
from weak sources. F. N. D. Kurie, Yale University —A large Wilson cloud chamber is 
operated by a synchronizing mechanism similar to that described by Blackett. A single lens 
camera is used which takes two sharp photographs of the whole volume of the chamber by 
mirrors which are so arranged that they are equivalent to photographs taken by two cameras 
at right angles, and so enable one to study tracks inclined to the plane of the chamber. The 
conditions to be satisfied by the camera are discussed. The photographs are examined by 
replacing the developed film in the camera, using this as a projection apparatus. The two images 
can be caught on a suitably oriented photographic plate as one image of the same size as the 
original track. This may be measured in a comparator. The a-particle source may be quite 
large and is mounted in the center of the chamber. Tests of the method have been made, by 
photographing glass fibers of known length and also by determining the range of polonium 
a-particles. It will be applied to the range of uranium a-particles. The temperature in the 
chamber has been carefully studied over the cycle and over long runs to ensure accuracy in re- 
ducing the ranges to standard conditions. 


37. Inelastic and elastic electron scattering in argon. A. L. HuUGHEs AND J. H. McCMILLEN, 
Washington University, St. Louis, Mo.—The energy distributions of electrons, scattered in ar- 
gon at 10°, and having lost various amounts of energy, have been measured for 50 to 200 volt 
primary electrons. (The energy losses included the excitation loss, 11.6 volts, the ionization 
loss, 15.5 volts, and still greater losses.) It was found that the greater the energy of the primary 
electron, the greater was the relative probability of the larger energy losses. The angular scatter- 
ing curve (5° to 35°) for all the inelastic collisions is steeper, the greater the energy of the primary 
electron. These angular scattering curves are steeper the less the energy Jost in the collision. 
Angular elastic scattering curves were obtained for primary electrons having energies between 
50 and 550 volts and plotted against (sin@/2)/A (where \ is the De Broglie wave-length and @ the 
angle of scattering). The curves for the higher velocities are practically superposable, as they 
should be on Mott's theory. There is satisfactory agreement between the scattering curve ob- 
tained experimentally with 550 volt electrons, and that calculated on Mott's theory. Maxima in 
the angular distribution curves for 50 and 100 volt electrons were found at 100° and 90° respec- 
tively. 


38. Distribution of electrons ejected in ionization of argon atoms. J. H. MCMILLEN AND 
A. L. HuGues. Washington University, St. Louis, Mo.—Theoretically the energy of impact of 
an electron ionizing an atom, in excess of that necessary for ionization, may be divided in any 
way between the faster ionizing, and the slower ejected, electrons. Energy distribution curves 
for the electrons ejected by 50, 100 and 200 volt primary electrons show that the smaller the 
energy of ejected electron the more probable is its occurrence. This is in qualitative accord with 
the result that the less the energy lost by the ionizing electron the more probable is this kind of 
collision. The total number of 3 volt ejected electrons is of the same order as the total number 
of ionizing electrons which have lost 3 volts more than the ionization energy. The angular scat- 
tering curves for the low velocity ejected electrons (except for a small maximum near 120°) show 
a tendency towards a uniform distribution in angle, in striking contrast with the concentration 
of the ionizing electrons in the onward direction. The position of the small maximum in the 
ejected electron scattering curves depends on the energy of the colliding electrons and on the 
energy of the ejected electrons. 
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39. Photoelectric emission from cadmium and mercury. DUANE ROLLER AND HUGHES 
ZeNoR, University of Oklahoma.—This paper describes the photoelectric properties and the 
methods of preparing thin films of pure cadmium and of pure mercury deposited on oxidized 
iron and on glass. New experiments on the effectsof contamination on the photoelectric behavior 
of mercury in bulk are also described. 


40. The compound photoelectric action of x-rays in oxygen and argon. GorDoN L.. LOCHER, 
The Rice Institute-—When an atom has a K-electron ejected by x-rays, an outer electron falls 
into the vacant orbit, accompanied by the emission of a quantum of A-radiation characteristic 
of the atom. The quantum may escape (simple photoelectric action) or eject an outer electron 
from the same atom (compound action). In the experiment described here, the “ A-fluorescence 
yield”, that is, the ratio of the number of cases of simple-action to the total number of both 
kinds for A-ionized atoms, has been determined by the direct method of counting the relative 
numbers of single and double tracks obtained by passing a beam of 0.709 A.U. x-rays through a 
Wilson cloud-apparatus containing the gas under investigation. For oxygen, 900 pairs of stereo- 
photographs of tracks, in an atmosphere composed of hydrogen gas and water vapor, were 
collected and examined; of these 14.4 percent were single and 85.6 percent double. Since 85 
percent of all photoelectrons should come from the A-shell, the indicated fluorescence yield is 
zero, Which means that no fluorescent K-radiation is emitted by oxygen. By similar procedure, 
the fluorescence yield of argon has been determined from 500 stereo-photographs of tracks pro- 
duced in an atmosphere composed of argon, hydrogen and water vapor. 


41. The photoelectric and thermionic properties of palladium. W. W. Roenr Anp L. A. 
DuBrinGe, Washington University, St. Louis —The photoelectric threshold of a filament of 
pure palladium foil was studied during 1000 hours of heat treatment in the highest attainable 
vacuum. It shifted from an initial value of less than 2300A to a maximum value of more than 
3022A and finally approached a steady value of 2486A (4.97 volts), which could not be changed 
by further treatment. This value is apparently characteristic of clean palladium. The thermionic 
work function in the final state was found to be 4.99 +0.04 volts, in good agreement with the 
photoelectric value. The coefficient A was close to the theoretical value of 60 amp. ‘cm*deg?. The 
photoelectric currents excited by monochromatic light increase with temperature over the 
range 300° to 1070°K, the rate of increase being greater for frequencies near the threshold. 
The photocurrent-frequency curves taken at the higher temperatures approach the axis asymp- 
totically. All the results are shown to be in excellent agreement with Fowler's theory, and an 
analysis of the data for 8 temperatures by his method yields a érue photoelectric work function 
of 4.97 +0.01 volts, independent of temperature. 


42. A further experimental test of Fowler’s theory of photoelectric emission. L. A. 
DuBrinGe, Washington University, St. Louis —The new theory of photoelectric emission pro- 
posed by Fowler (Phys. Rev. 38, 45, 1931) has been shown to be in excellent agreement with 
observations on a number of clean metals. The theory predicts that the photocurrent-frequency 
curves should approach the axis asymptotically, so that there is no sharply defined threshold 
at any temperature above 0°K. The absolute zero threshold can however be determined from 
measurements at ordinary temperatures. The “temperature variation of the threshold” there- 
fore loses quantitative significance, as do recent attempts to relate this quantity to the thermi- 
onic coefficient A. Another method of testing Fowler’s equation is proposed which allows the 
absolute zero threshold to be determined from temperature measurements at a single frequency, 
making it unnecessary to measure the relative intensities of spectral lines. The method is to 
plot the observations in the form log(//T?) vs log (1/T). The horizontal shift required to make 
the observed curve fit Fowler's theoretical curve (¢(«) vs log u) is equal to log [h(v—vo)/k], 
from which vo is determined. Analysis of data for clean palladium (DuBridge and Roehr) and 
gold (Morris) shows a complete agreement with the theory. 


43. New method for the study of the photoelectric effect of alkali vapours. Jakos Kunz, 
University of Illinois.—Several methods have been applied so far in the study of the photo- 
electric effect of alkali vapors, and yet the problem is not completely solved. The oldest method, 
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which I have used together with Dr. Williams is a direct one and consists in sending a beam of 
light through a tube with quartz windows at a given temperature. Scattering of light, photoelec- 
tric effect of a thin film of alkali deposited on the electrodes and especially the thermionic effect 
of such films have to be eliminated. The new method consists in using an interrupted beam 
of light. The photoelectric current produced plus the thermionic current pass through a conden- 
ser to an amplifying tube, in which only the photoelectric current will be amplified, while the 
non-interrupted thermionic current is eliminated. The system can be calibrated by means of an 
ordinary photoelectric cell. The second method is used for the absorption of light in alkali va- 
pors. A monochromatic beam of ultraviolet light passes through a tube containing alkali vapor 
at a given temperature and falls on a photoelectric cell. The photoelectric current is measured 
either directly or after amplification. Another beam of light of the same source falls on a second 
photoelectric cell placed in series with the first cell; this method is exceedingly sensitive to small 
variations of light. The arrangement can also be used as null method by proper adjustment of 
the potentials. 


44. Eotvos torsion balance. Donatp C. Barton, Consulting Geologist and Geophysicist, 
President of the Society of Petroleum, Geophysicists, Houston Texas.—The presence of an extra 
heavy (or light) body in the subsurface warps the level surfaces up (down) over the body and 
the lines of the vertical toward or into (away from) itself. The Eotvos torsion balance consists 
of a calibrated platinum-iridium torsion wire which supports a beam of negligible weight; a 
weight is attached to one end of the beam and a second weight is suspended from the other end. 
Curvature of the level surfaces and curvature of the vertical each produce at the two weights 
horizontal components of gravity which are respectively equal and opposite in actual but the 
same in rotational direction. The torque produced by the curvature of the vertical is a function 
of the difference of the radii of curvature of the level surface in the directions of major and 
minor curvature. There has been only one slight important improvement of the torsion balance 
in the past 25 years. There is room for improvement in the avoidance of temperature effects and 
in speeding up in the time necessary for observation. The mathematics of the torsion balance 
and of the gravitational effects of simple geometrical bodies is simple and developed. The main 
field of research with the torsion balance lies mainly in the geological-geophysical field of inter- 
pretation, although there are still unsolved problems in the mathematics of interpretation. 


45. A new instrument for measuring very small differences in gravity. KENNETH HARTLEY, 
Houston, Texas.—Description of a new portable instrument for measuring relative values of 
gravity to within two or three parts in ten million, specially designed for geophysical explora- 
tion. The principles of the design are analysed and the methods for elimi -ating effects of elastic 
hysteresis, temperature changes, variations in barometric pressure, etc., are discussed. Also 
effects of initial stresses in materials, defects in alignment of locking mechanism, inaccurate 
leveling, etc. These difficulties are serious but seem to have been overcome. Results of field 
measurements near Houston, Texas, are given and some comparison with torsion balance sur- 
veys and with known facts of structure. 


46. Charts for torsion balance readings. M. M. Stotnick, I/umble Oil and Refining Co., 
Houston, Texas.—The fact that the equations for the gradient and curvature values are linear 
in the differences of the readings obtained from the torsion balance makes it possible to produce 
easily a series of charts from which these values may be read directly, without the necessity of 
resorting to the slide rule or to logarithmic calculations. Two charts for each instrument, since 
each instrument involves different constants. One chart yields U,, and U4, and the other U,, 
and U,,. A few of these charts made for 120°-azimuth settings for Suess and Bamberg instru- 
ments will be exhibited. 


47. The calculation of the motion of the ground from seismograph records. H. A. 
Witson, The Rice Institute-——If x denotes the ground displacement and y the deflection of a 
mechanical seismograph then —#=9+kj+p*%y. This gives x= —y—kfly dt—p*fif’y dt- dt. 
The ground displacement can therefore be found if the two integrals are evaluated graphically 
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or otherwise. The ground motion for a given seismogram depends very greatly upon the period 
and damping of the seismograph. Large errors in the calculated values of x are difficult to avoid 
and ground oscillations of much longer period than that of the seismograph may be entirely 
missed. Results obtained in this way are described. The ground motion due to a distant explo- 
sion appears to consist of several similar rapidly damped oscillations which come in at different 
times. An integraph is described by means of which curves, giving the above integrals as.func- 
tions of t, can be quickly drawn. 


48. Earth-amplitudes in seismic prospecting. Maurice EwinG, Lehigh University.—l. A 
relation between the time-distance curve and the earth amplitude-distance curve is derived 
upon the basis of the ray equations of geometrical optics. The possibility of using this relation 
in seismic prospecting is pointed out. II. The earth amplitude-distance curve is computed for 
several hypothetical subsurface structures consisting of two layers in each of which the velocity 
of propagation of seismic waves is a linear function of the depth. 


49. Asymmetry of sound velocity in stratified geologic formations. Burton McCoL_uM 
AND F. A. SNELL, McCollum Exploration Co., Houston, Texas.—In the course of explorations of 
subsurface geology by the seismograph the authors have frequently observed the pronounced 
effect of stratification on the velocity of seismic waves in shales, and this effect has often been 
utilized in practical seismography. Recently an opportunity was afforded for securing additional 
quantitative data on the velocity normal to and parallel to the bedding planes. The paper points 
out that the velocity parallel to the planes of stratification is, in some instances, as much as 
fifty percent higher than the velocity in a direction normal to the bedding planes. It is also shown 
that inclined stratified beds exhibit a higher apparent point-to-point velocity when sound 
travels in an up dip direction than when traveling down dip. The paper describes a procedur2 
whereby this effect may be utilized for determining the direction and approximate magnitude 
of the dip in such stratified deposits. The method has proved to be of considerable practical 
importance where the stratified formations are obscured by overlying deposits. 


50. Velocity of elastic waves in granite. L. Don LEET anp W Maurice Ewe, Harvard 
University and Lehigh University —The velocity of elastic waves in granite was determined at 
Quincy and Rockport, Massachusetts, and Westerly, Rhode Island. The waves measured were 
generated by dynamite explosions. They were recorded by portable seismographs at distances 
ranging from fifty feet to four thousand six hundred feet. The observed velocities for longitudi- 
nal waves were: 

Quincy 16,260+ 70 ft/sec. or 4.96+0.02 km/sec. (*) 
Westerly 16,400 + 120 ft/sec. or 5.00 +0.04 km/sec. 
Rockport 16,670+ 40 ft/sec. or 5.08+0.01 km/sec. 
Average 16,530+ 90 ft/sec. or 5.0440.03 km/sec. 
A three-component seismograph used only at Quincy recorded transverse waves, the velocity 
of which was 8150+90 ft/sec. or 2.48+0.03 km/sec. From the two velocities determined at 
Quincy, and the density of specimens taken from the shooting location, 2.65 grams/cm', values 
for the bulk modulus, k, compressibility, 8, rigidity, 4, Young’s Modulus, £, and Poisson’s 
Ratio, c, were obtained as follows: 
k=44+1X10" dynes/cm? 
B=2.28 +0.05 X 10-" cm?/dynes 
u=16.3 +0.4 X 10! dynes/cm? 
E=43+1X 10" dynes/cm? 
¢ =0.333 +0.005 
The form of the time-distance curves, straight lines through the origin, indicated that the waves 
did not penetrate deeply. Accordingly, the values obtained are for pressures of at most only a 
few atmospheres. The bearing of these results upon earlier investigations of the elastic constants 
of granite is discussed. The validity of the Adams and Williamson curve for granite at pressures 
below 2,000 megabars is questioned, and it is concluded that there is no marked difference be 
tween dynamically and statically determined compressibilities of granite. 


* The + values given in this paper are probable errors. 
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51. The reflection seismograph—An application. EuGENE McDermort, Geophysical 
Service, Dallas, Texas.—The general method of operation is outlined with some reference to the 
earlier refraction methods. The method of determining velocity and measuring time, and the 
importance of correcting for the surface weathered zone are discussed. An application of the 
method to a faulted area in East Texas is presented with reflection records, cross sections and 
contour maps on two well known geological horizons. 


52. Refraction profiles as aids to the reflection method. H. RUTHERFORD, Geophysical 
Exploration Co., Washington, D. C.—The relationship between the time-distance curve for re- 
fracted waves and that for reflected waves is discussed. It is shown that a refraction profile is 
of great assistance in identifying reflections on the records and also in determining which 
horizon is producing the reflections. Reflection records and time-distance graphs are shown to 
illustrate these points. 


53. Seismological discovery and partial detail of the Vermillion Bay Salt Dome. E. E. 
ROSAIRE AND O, C, LESTER, JR. Geophysical Research Corporation, Houston, Texas—This dome 
is of interest because it was one of the first discovered by a seismological exploration conduct- 
ed entirely by boats and over water. The organization, equipment and operation of such a crew 
are described. The field data resulting from this exploration are presented in full, with illustra- 
tions of the records obtained. The original interpretation of the data and the agreement with 
results of well drilling are presented, with criticisms in the light of later experience. 


54. Some special cases of the reflection and refraction of seismic waves between similar 
rocks, with application to the study of crustal layers by distant quakes. Louis B. SLICHTER, 
. Massachusetts Institute of Technology, and V. GABRILOVITCH GABRIEL, Pasadena, Calif.—In the 
first part of this paper, some particular cases of the reflection and refraction of plane elastic 
waves at the interface between similar rocks are computed, after the method of C. G. Knott. 
In the second part, the results of these computations are utilized in examining the possibility of 
study of a layered upper crust by means of distant, rather than local, earthquakes. Fora layered 
crust of a type often assumed, it results that the transformed SV wave, SP*P should produce 
surface amplitudes about 35 percent as large as those due to the direct wave, SS*S, when the eqi- 
central distance is about 30°. The time lead of the derived wave SP*P over SS*S is here about 
seven seconds. The identification of this wave appears to offer difficulties, but should its recog- 
nition prove to be practicable, the study of crustal structure in regions which do not enjoy an 
abundance of local shocks will obviously be facilitated. 


55. On the correlation of isogeothermal surfaces with the rock strata. C. E. VAN Or- 
STRAND, U. S. Geological Survey. (Published by permission of the Acting Director of the U.S 
Geological Survey.)—An instance of regional variation in Oklahoma, and two cases of local 
variation, one at Long Beach, California, and the other at Salt Creek, Wyoming, were selected 
for consideration from a rather large number of geothermal surveys conducted during the past 
few years by the U. S. Geological Survey and the American Petroleum Institute. As no theory 
has been developed to explain either the local or regional variations, it is not claimed that the 
results of the surveys, or the conclusions reached in regard to them, are necessarily applicable 
to other fields. Radioactivity, proximity to crystalline rocks, and transfer of heat along the 
strata are given careful consideration in attempting to explain the observed relations between 
the strata and the isogeothermal surfaces. 


56. Geothermal gradient determinations in the Lake Superior copper mines. L. R. 
INGERSOLL, University of Wisconsin——The Michigan College of Mining and Technology, in 
cooperation with the Calumet and Hecla Copper Company and the author, is carrying out a 
program of temperature measurements in the deep copper mines of Northern Michigan, extend- 
ing the previous work of Agassiz and others. Temperatures are measured with mercury ther- 
mometers mounted in Bakelite tubes, placed in drill holes in mine workings where the rock has 
been freshly exposed, special attention being given the effects of drilling, blasting, and other 
heat conduction considerations. Present results give as the average gradient from the surface 
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to 5679 feet below (temp. 95.3°F), 1°F in 108.5 feet (0.0168°C/meter). The gradient is more 
nearly uniform than has sometimes been supposed. A preliminary attempt has been made at 
calculating the previous “thermal history” of this region. Diffusivity of specimens of the rock 
measures 0.0075 c.g.s. (for method see Ingersoll and Koepp, Phys. Rev. 24, 92, 1924) and on 
this basis calculations of theoretical temperature-depth curves have been made for 25 different 
assumptions of previous temperature conditions, and compared with the actual curve. Results 
as yet are inconclusive but indicate that at least 30,000 years have elapsed since the last glacial 
epoch, a longer period than usually assumed. 


57. Electrical prospecting as applied in locating oil structures. Leo J. PetTeRs AND JouN 
BARDEEN, Gulf Research Laboratory, Pittsburgh.—This paper discussed in a general way the 
basic ideas upon which electrical prospecting is based. It gives a few of the more successful ways 
of carrying out these basic ideas and presents some surveys which show the extent to which 
success in mapping oil structures has been obtained. 


58. The luminescence of solid nitrogen. JoserpH KapLan, University of California at Los 
Angeles.—An explanation is proposed for all of the radiations that have been observed by Mc 
Lennan and his collaborators in the luminescence of solid nitrogen. The bands are associated 
with known bands of the second, fourth and first positive groups of nitrogen; with hitherto 
unobserved second-positive bands; with a new intercombination system and with new modifica- 
tions of the first-positive bands. These new modifications of the first-positive bands are related 
to the spectra of the aurora, night-sky and planetary absorption spectra. As a result of this 
correlation, it is now possible to see why Vegard identified the aurora spectrum as the spectrum 
of solid nitrogen and then proposed his theory of the upper atmosphere. 


59. Dirac’s equation and the spin-spin interaction of two electrons. G. Breit, New 
York University.—In a previous paper (Phys. Rev. 34, p. 553) an equation has been set up for 
the treatment of two electrons. This equation is 


j e /ala!! (a'r) (alr) \ 
4 Po + alp! + alp! + (ag! + a4!)me + —( —— + —-——— ] py =0. 
( 2c\nu ri f 


The notation is that of Dirac, and Roman numerals refer to the two electrons. The wave func- 
tion yy has 16 components. At the time the difficulty of negative energies made it plausible to 
regard the above equation as being correct only inasmuch as it determines relations between 
the four largest components, ys, Yas, sa, Yas. In the applications (Phys. Rev. 36, p. 385) the 
integrability of }-«,-3,4%a3*¥as and the equations for ¥ag were therefore used. These equations 
had to be modified in order to bring about agreement with the fine structure of He. It is now 
shown that if the integrability of }-y...~1.2.s,4%40*¥u» is required and all of the 16 components of 
y¥ are used the previously troublesome terms in ée disappear automatically. With this restricting 
condition the above equation is thus in agreement with the observed spin-spin interactions in 


He! and Li!!. 


60. The farinfrared transmissions of various solids. R. BowLinG Barnes, Physikalisch- 
es Institut, Berlin.—Using a wire grating spectrometer transmission curves have been measured 
for 12 substances from 20u to 135u. In fused quartz absorption bands have been found at 39x, 
86u, 1184 and A>132u. In crystalline quartz, at 26u, 384, 774, 105u and 122u. In sulphur bands 
occur at 21, 5u, 25, Ou, 37, Su, 40u to 50u, 674, 96 w, 114, 54 and A>130u. In paraffin, 82, 5, 
106u, and 127, 5u. In mica 5y thick, bands are found at 27u, 33u, 60u, 954 and at 123. A dis- 
cussion of these absorptions including the curves for these 5 substances and the other 7 will 
appear at an early date. 


61. The thin plate. D. G. BourGin, University of Illinois —The problem of the very thin 
plate, for large displacements when bending stresses may be neglected, has been treated by 
Hencky by a numerical approximation method. His results for the rectangular plate are incor- 
rect because of invalid boundary conditions. This paper derives a solution by the hitherto 
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unused method in elasticity problems of working directly with the stresses rather than the dis- 
placements. Experimental results of A. Falk on the bending of a steel sheet 10 in. X 10 in. X0.05 
in. are in accord with the assumption of negligible bending stress for this case. 


62. Experimental establishment of the relativity of time. Roy J. KENNEDY AND EpwWarp 
M. THORNDIKE, California Institute of Technology.—None of the fundamental experiments on 
which the restricted principle of relativity is based requires for its explanation that the classical 
concept of absolute time be modified; the present experiment was devised to test directly 
whether time satisfies the requirements of relativity. It depends on the fact that if a pencil of 
homogeneous light is split into two components which are made to interfere after traversing 
paths of different length, their relative phases will depend on the translational velocity of the 
optical system unless the Lorentz-Einstein transformation equations are valid. Hence such a 
system at a point on the earth should give rise to an interference pattern which varies periodi- 
cally as the velocity of the point changes in consequence of the rotation and revolution of the 
earth. The effect to be expected for a small velocity is so very small that it has been necessary 
to devise a special source of light, an interferometer of great stability and a refinement of the 
technic of measuring displacemeats in the interference pattern. With the apparatus finally 
employed, we have shown that there is no effect corresponding to absolute time unless the 
velocity of the solar system in space is no more than about half that of the earth in its orbit. 
Using this null result and that of the Michelson-Morley experiment we derive the Lorentz- 
Einstein transformations, which are tantamount to the relativity principle. 


63. On the law of force between the molecules in a liquid or gaseous mixture. R. D. KLEE- 
MAN, Schenectady, New York. (Introduced by W. L. Severinghaus.)—The author has previously 
deduced from various data the nature of the law of force between two molecules in a pure 
liquid or gas. It was found that this force is given by ¢[(T T.), (Z ‘x-)]- (Zea)? Z°, where Z 
denotes the distance of separation of the molecules at the absolute temperature 7, x. the aver- 
age minimum distance of separation of the molecules at the critical temperature 7., Yca the 
sum of a number of constants each of which refers to an atom of a molecule, and ¢ a function 
of the quantities x., Z, T, T., which may be determined from the equation of state of the sub- 
stance. The constant ¢a is approximately proportional to the two thirds power of the atomic 
number of the atom.* It is now shown that in the case of a mixture of two substances the law 
of force is A(Sc.)(2c-) Z* where Sc, refers to one of the substances and Yc, to the other, and K 
is a quantity varying little with 7. 


64. The ‘‘flash” in the afterglow of argon with a fixed vacuum. Cuas. T. Knipp, Univer- 
sity of Illinois.—In a recent number of the Philosophical Magazine the writer and L. E. Scheuer- 
man described a “flash” that appeared in the afterglow of certain gases, notably nitrogen, when 
the residual gas was suddenly compressed. Just recently (December 4th, to be exact) the writer 
while exhibiting the electrodeless discharge in a liter pyrex flash at the Butler meeting of the 
Indiana Academy of Science observed a flash in the afterglow with a fixed vacuum. This par- 
ticular tube contains argon at a pressure of between 0.1 and 0.2 mm of mercury, and was pre- 
pared last May. No record was kept of the moisture present, or of the purity of the gas. Mr. 
H. C. Roberts, Assistant to the writer, said that this peculiar action of the gas was observed 
and briefly commented upon at the time that the tube was sealed off, but for some reason the 
phenomenon was passed by until the striking observation was again made as referred to above. 
No definite experimental theory has as yet been attempted nor has there been time to make 
even the most elementary observations, spectroscopically or otherwise, of this apparent reca- 
lescent phenomenon in a gas. The flash in this bulb occurs within two or three seconds after the 
energizing source has been removed and is of sufficient brightness to be observed by reflection 
on a nearby screen. Following this the intensity of the afterglow changes color slightly and dies 
off rapidly. It would be interesting to note whether additional flashes occur on the decay curve, 
possibly flashes that the eye could not detect. 


* A book on the subject is “The Atomic and Molecular Forces of Chemical and Physical 
Interaction in Liquids and Gases, and their Effects” by R. D. Kleeman B.A., D.Sc. (Taylor and 
Francis, Red Lion Court, Fleet Street, London, England). 
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